A semi-industrial investigation of the factors controlling the bioconversion of biodegradable waste to a consistent solid recovered fuel (SRF) for utilization by the cement industry by Skourides, Ivakovos & Skourides, Ivakovos
Imperial College 
London 
Department of Civil and Environmental Engineering 
A semi-industrial investigation of the factors controlling the 
bioconversion of biodegradable waste to a consistent solid recovered 
fuel (SRF) for utilization by the cement industry 
By 
Iakovos Skourides 
A Thesis submitted for the award of Doctor of Philosophy (PhD) degree 
27 January 2009 
ABSTRACT 
The factors controlling biodrying of biodegradable municipal solid waste (BMSW) to 
produce solid recovered fuel (SRF), in a rotary drum reactor were investigated at a 
semi-industrial scale. The main objectives of the study were to determine the effects of 
temperature, pH, waste composition and agitation on rotary biodrying (RBD), 
optimizing RBD and fuel characteristics. The research showed that rotary biodrying 
was a more efficient process for SRF production compared to existing static bay 
technologies. Acid inhibition of the biodrying process was observed at thermophilic 
temperatures (50-60 °C) and low pH conditions (<pH 6). Maintaining the process 
temperature within the mesophilic range, end-product recycling, frequent agitation, and 
controlling the initial moisture content of the input waste to below 45-48 % reduced 
acid production and pH inhibition and accelerated the RBD process. Maximum 
biodrying rate was achieved by applying automatic temperature feedback control of the 
airflow within the rotary drum to provide heating and cooling cycles within the range 
35 °C- 45 °C. Under these conditions, the moisture content of the input waste was 
reduced from 40.5 % to 16.7 % in 63 h. Biodrying material was agitated for 10 min 
every 1.2 h by rotating the drum at a rate of 0.5 rpm during the heating cycles at an 
airflow rate of 30 m3 h-1. Under these conditions the atmosphere within the drum 
became saturated with moisture vapour creating a condensing environment, thus 
rewetting waste particles and maintaining microbial decomposition at low moisture 
contents. When the biomass temperature exceeded 45 °C, a cooling cycle was initiated 
increasing the period of agitation and airflow rate to 120 m3 h-1, to cool the waste to 35 
°C by utilising the thermal energy stored in the waste for water evaporation. The 
optimum feedstock composition was: 50 % food waste, 20 % paper, 20 % woody 
shredded trimmings, 10 % recycled product (w/w fresh weight). The net calorific value 
of the biodried SRF product was typically within the range 13.79-15.26 MJ kg-1. 
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Article 5 of the European Landfill Directive (CEC 1999) requires the phased reduction 
of biodegradable municipal solid waste (BMSW) disposed to landfill by EU Member 
States to 75%, 50% and 35% of the quantity disposed in 1995 by 2006, 2009 and 2016, 
respectively. Composting and incineration have been the main alternatives diverting 
biodegradable waste from landfills (Williams, 1999; EEA, 2002). However, the 
economic and practical viability of composting largely depends on the quality and 
marketability of the end-product of the process, which is uncertain if waste is not 
source-separated (Juniper, 2005; Steiner, 2005). Mass burn incineration requires very 
high capital investment and a constant throughput of waste of high calorific value to be 
economically viable. In addition, incineration receives poor public acceptance 
(Williams, 1999). 
Mechanical biological treatment (MBT) offers an alternative to composting and mass 
burn incineration for treating residual or 'black bag' municipal solid waste (MSW) 
through a combination of mechanical sorting and biological processing. MBT is a well 
established practice in Europe for managing MSW and is likely to expand in the UK. 
The process includes the treatment of the biodegradable fraction of MSW to produce a 
compost-like output (CLO), biogas and digestate, or a stabilised residue destined for 
landfill disposal (Enviros, 2005; Juniper, 2005; Steiner, 2005; Steiner, 2006). Aerobic 
biological processes can also be configured to utilise metabolically generated heat from 
decomposition of the putrescible organic fraction to dry the organic and non-organic, 
high calorific value fractions to produce a solid recovered fuel (SRF) with significant 
value as an alternative energy source to conventional fossil fuels in industrial situations, 
such as cement manufacture (Enviros, 2005; Juniper, 2005). MBT producing SRF 
through biodrying is a practical and economically viable waste treatment solution that 
can potentially divert significant amounts of biodegradable waste from landfill disposal 
where there is an outlet for the SRF (Heermann, 2003). 
There is extensive information relevant to the control and optimisation of composting 
processes for biodegradable municipal waste (Haug, 1980; Macgregor, 1981; Haug, 
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1993; Eipstein, 1997; Keener et al., 2005; Diaz and Savage, 2007), but few studies have 
considered biodrying of MSW (Choi et al., 2001; Adani et al., 2002; Sugni et al., 2005) 
and these were conducted at laboratory scale using static systems. 
However, continuous or semi-continuous agitation of MSW, coupled with precise 
aeration and temperature control within a rotary bioreactor, specifically configured and 
optimised for biodrying, may provide an alternative approach and significant 
advantages compared to conventional, static methods of MBT for SRF production. 
Specifically, these advantages may include: increased microbial activity and heat 
generation at limiting moisture contents, reduced process retention times, enhanced 
particle size reduction and improved homogeneity of the treated end-product for use as 
a fuel. The concept of biodrying MSW in a rotary drum was originally developed by 
Hood (1979), but no published quantitative research has been completed to optimise the 
technique as a waste treatment system or to understand the fundamental 
microbiological or thermal dynsamics of the process. This information is critical to 
provide the fundamental basis to process design for effective upscaling to full industrial 
operation. 
This PhD thesis was a semi-industrial investigation of the factors controlling biodrying 
within a rotary drum bioreactor. Composting of MSW using rotary drum technologies 
is a well established practice in the waste management industry, however, no 
information is available in the literature on the operational performance and the factors 
controlling the efficiency of rotary biodrying processes for MSW treatment. 
The rotary biodrying experiments were conducted at Vassiliko Cement Works Ltd in 
Cyprus. Vassiliko Cement Works Ltd (VCW) is a public company partially owned by 
the Italcementi group. VCW plant has 3 cement kilns with a total daily production of 
clinker equivalent to 6000 t (VCW, 2008). VCW has a sigificant experience with 
alternative fuels and is currently utilizing shredded tyres, meat flour and dried sewage 
sludge (from Greece) in the clinker production process and is interested in new 




2.1  Legislation and key drivers in waste management 
According to the waste framework directive (CEC, 2006) landfill disposal should be the 
last option in the waste management hierarchy. Waste minimization, reuse, recycling or 
composting of source separated biodegradable waste, and energy recovery should be 
considered, prior to landfill disposal. Although energy recovery is not at the top of the 
waste management hierarchy significant quantities of MSW could be diverted from 
landfill through that route (Alter, 1987; Williams, 1999; Belevi, 2000). 
Energy Recovery from solid fuels derived from MSW could also assist Member States 
(MS) to comply with a number of EU Directives. In particular energy recovery from the 
biogenic content of MSW could facilitate EU MS to meet the targets of the Landfill 
Directive (CEC, 1999), the Directive for the Promotion of Electricity from Renewable 
Energy Sources (CEC, 2001) and the proposed Directive on the Promotion of 
Renewable Energy Sources. In addition, energy recovery from the biogenic fraction of 
MSW, which is considered as carbon neutral, is also favored by the EU Emissions 
Trading Directive (CEC, 2003). However, energy recovery through waste incineration 
or co-incineration is controlled and might be restricted by the Waste Incineration 
Directive (CEC, 2000). The above EU Directives are summarized below. 
2.1.1. Landfill Directive (1999/31/EC) 
Council Directive on the landfill of waste (CEC, 1999) aims to prevent or reduce as far 
as possible negative effects on the environment, as well as any risk to human health, 
from landfilling of waste, during the whole life cycle of the landfill (Article 1, 
1999/31/EC). According to Article 5 of the Directive MS shall set up a national strategy 
for the implementation of the reduction of biodegradable waste going to landfills, not 
later than 2001. This strategy should include measures to achieve the following targets: 
16 
(a) Not later than 16 July 2006, BMSW going to landfill must be reduced to 75 % 
of the total amount by weight of biodegradable municipal waste produced in 
1995 for which standardized Eurostat data is available. 
(b) Not later than 16 July 2009, BMSW going to landfill must be reduced to 50 % 
of the total amount by weight of biodegradable municipal waste produced in 
1995 or the latest before 1995 for which standardized Eurostat data is available. 
(c) Not later than 16 July 2016, BMSW going to landfill must be reduced to 35% of 
the total amount by weight of biodegradable municipal waste produced in 1995 
or the latest year before 1995 for which standardized Eurostat data is available. 
Member States, which in 1995 or the latest year before 1995 for which standardized 
Eurostat data is available, disposed of more than 80% of their municipal waste to 
landfill (e.g. Cyprus and Greece) may postpone the attainment of the targets set out by 
the above by a period not exceeding four years. The first target can therefore be 
extended to 2010, the second to 2013 and the third to 2020. The main implication of the 
targets is that there is an absolute limit placed on the quantity of biodegradable waste 
that can be landfilled by specific target dates. This means that if BMSW production 
continuous to increase, larger quantities will need to be diverted away from landfill. 
2.1.2. Directive on the Promotion of Electricity from Renewable Energy Sources 
(2001/77/EC)  
Council Directive 2001/77/EC aims to promote the production of electricity from 
renewable sources such as wind, solar, geothermal, wave, tidal, hydroelectric, biomass, 
landfill gas, sewage treatment gas and biogas (CEC, 2001). General waste incineration 
has been excluded but the biodegradable fraction of the waste can be considered as 
renewable. However, the Waste Hierarchy should still be applied irrespective of the 
Directive. 
Directive 2001/77/EC has set a target of 22.1 % electricity production from renewable 
sources by the end of 2010. MS that joined the EU in 2004 (for example Cyprus) must 
also apply the provisions of the Directive to produce electricity from renewable energy 
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sources. Accession treaties set national indicative targets for the proportion of 
electricity to be produced from renewable energy sources in each new MS with an 
overall objective of acheiving 22.1 % across the EU-25. MS were required to adopt and 
publish, initially no later than 27 October 2002 and then every five years, a report 
setting the indicative MS targets for future electricity consumption from renewable 
energy sources for the following ten years and show, which measures have or are to be 
taken to meet the targets. The targets set by each MS hould consider the reference 
values set in the annex of the Directive (Table 3.1 and Table 3.2). 
Table 2.1 Renewable electricity consumption 
targets for 2010 for Member States that joined the 










Belgium 1.1 6.0 
Denmark 8.7 29.0 
Germany 4.5 12.5 
Greece 8.6 20.1 
Spain 19.5 29.4 
France 15.5 21.0 
Ireland 3.6 13.2 
Italy 16.0 25.0 
Luxemburg 2.1 5.7 
Netherlands 3.5 9.0 
Austria 70.0 78.1 
Portugal 38.5 39.0 
Finland 24.7 31.5 
Sweden 49.1 60.0 
United Kingdom 1.7 10.0 
Community 13.9 22.0 
Article 5 of the Directive provides for a system concerning the guarantee of origin of 
renewable energy to facilitate exchanges of electricity from renewable sources between 
MS and to increase transparency while facilitating consumer choice. The guarantees of 
origin indicate both the renewable energy source from which the electricity is produced 
and the date and place of production. 
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Table 2.2. Renewable electricity targets for Member States that joined 








Cyprus 0.1 6.0 
Czech Republic 3.8 8.0 
Estonia 0.2 5.1 
Hungary 0.7 3.8 
Latvia 42.4 49.3 
Lithuania 3.3 7.0 
Malta 0.0 5.0 
Polan 1.6 7.5 
Slovenia 29.9 33.6 
Slovakia 17.9 31.0 
Community 12.9 21.0 
The guarantees of origin have to be mutually recognized by MS to enable these 
exchanges. Another important aspect of the Directive relevant to grid connection issues 
is described in Article 7. According to the above article, MS should put in place a legal 
framework to guarantee the transport and distribution of electricity from renewable 
energy sources. Priority should be given to distribution of electricity from installations 
that are utilizing renewable energy sources to the extent permitted by the national 
electricity system. In addition, MS should define and publish standard rules regarding 
responsibilities for the cost of new infrastructure and adoptions required to enable new 
electricity producers from renewable energy sources to feed their electricity to the 
existing distribution network. 
2.1.3. Proposed Directive on the Promotion of the Use of Energy from Renewable 
Sources (CEC, 2008)  
The main drivers for proposing the above Directive are the consequences of climate 
change, the increasing dependence on fossil fuels and rising energy prices. This 
recognizes the potentially significant contribution of the renewable energy sector to 
reducing greenhouse gas emissions and pollution. In addition, renewable energy 
sources are largely indigenous and their decentralized nature makes the economies of 
the MS less vulnerable to volatile energy supply (CEC, 2008). 
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The proposed Directive aims to establish an overall binding target of a 20 % share of 
renewable energy sources for energy consumption to be implemented by each Member 
State by 2020. The proposal covers the use of renewable energy in 3 sectors: transport, 
heating -cooling and electricity (Article 4). National targets for the share of energy 
from renewable sources are set for each MS for 2020 (Table 3.3). The targets are based 
on the share of renewable sources in total energy consumption in 2005. 
Table 2.3 Renewable Energy Consumption Targets for Member 
States for 2020 
Member State 
Share of energy from 
renewable sources 2005 
(%) 
Target for share of 
energy from renewable 
sources, 2020 (%) 
Belgium 2.2 13.0 
Bulgaria 9.4 16.0 
The Czech Republic 6.1 13.0 
Denmark 17.0 30.0 
Germany 5.8 18.0 
Estonia 18.0 25.0 
Ireland 3.1 16.0 
Greece 6.9 18.0 
Spain 8.7 20.0 
France 10.3 23.0 
Italy 5.2 17.0 
Cyprus 2.9 13.0 
Latvia 34.9 42.0 
Lithuania 15.0 23.0 
Luxembourg 0.9 11.0 
Hungary 4.3 13.0 
Malta 0.0 10.0 
The Netherlands 2.4 14.0 
Austria 23.3 34.0 
Poland 7.2 15.0 
Portugal 20.5 31.0 
Romania 17.8 24.0 
Slovenia 16.0 25.0 
The Slovak Republic 6.7 14.0 
Finland 28.5 38.0 
Sweden 39.8 49.0 
United Kingdom 1.3 15.0 
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No specific targets are set in each different sector (electricity, heating- cooling, 
transport) and each Member State has the flexibility to decide the 'mix' of renewables 
to achieve the overall targets on 2020. A minimum 10 % replacement of energy from 
fossil fuels with biofuels will be required in the transport sector for all MS. 
The proposed Directive (Article 6) includes a system of Guarantees of Origin for 
renewable energy similar to the Directive 2001/77/EC that will certify the origin of 
electricity produced. Under this system MS may invest in renewable energy production 
in another member state in exchange for Guarantees of Origin (GOs), which can be 
counted towards the renewables target. However, a member state must have already 
reached its own interim target before being allowed to receive investments and transfer 
GOs to another member state. 
2.1.4. Emissions Trading Directive (2003/87/EC) 
Council Directive 2003/87/EC aims to achieve the CO2 emissions reduction targets set 
by Council Decision 2002/358/EC approving the Kyoto Protocol through an efficient 
European market in greenhouse gas emission allowances (EU Emissions Trading 
System), with the least possible negative effects on economic development (CEC, 
2003). 
The EU Emissions Trading System has established a market for carbon emission 
allowances, which is considered to be the most cost-effective approach to move 
towards a low-carbon economy. The EU expects to achieve its emission reduction 
targets established by the Kyoto Protocol at a cost of less than 0.1 of its GDP (EC, 
2007). 
According to Article 4 of the Directive MS shall ensure that, from 1 January 2005 no 
installation undertakes any activity listed in Annex I such as coal combustion in cement 
kilns resulting in emissions specified in relation to that activity (e.g CO2) unless its 
operator holds a permit issued by a competent authority. In the first trading period 
(January 2005-January 2008) the trading system covered only CO2 emissions from 
large emitters in the power and heat generation industries and in selected energy 
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intensive industrial sectors. In the second trading period (January 2008-January 2012), 
emissions of nitrous oxide will also being included. 
The Directive requires MS to develop a national plan stating the total quantity of 
allowances to be allocated for the periods 1 January 2005 to 1 January 2008 and 1 
January 2008 to 1 January 2012 (Article 9). Each allocation plan has to reflect the 
Member State's Kyoto target, as well as its actual and projected progress towards 
meeting it. 
More than 12, 000 independent installations throughout Europe are required under the 
EU Emissions Trading Scheme to hold an amount of EU Allowances (EUAs) that is 
equivalent to their annual emissions of carbon dioxide. Each EUA represents one t of 
CO2 output. Installations, having a deficit of EUAs in a particular year, will be required 
either to purchase additional credits from the market or find alternatives to reduce their 
CO2 emissions. Failing to achieve either of these requirements will result in financial 
penalties of € 40 / excess t in the first trading period and € 60 / excess t in the second 
trading period (Juniper, 2005). If a facility is able to reduce its CO2 emissions and has 
an excess of EUAs it is free to trade to its financial benefit. 
The EU Emissions Trading System considers the biomass fraction of MSW to be 
`carbon neutral', thus utilizing waste derived fuels with high biomass content in the 
cement industry or the power generation sector could assist these industries in reducing 
their CO2 emissions. This could reduce or eliminate the number of EUAs that a specific 
installation may need to purchase from the market or generate a surplus of EUAs that 
could be sold to the market for financial gain. 
2.1.5. Incineration Directive (2000/76/EC) 
Council Directive 2000/76/EC aims to prevent or reduce, as far as possible, air, water 
and soil pollution caused by the incineration or co-incineration of waste, as well as the 
resulting risk to human health (CEC, 2000). The Directive applies not only to dedicated 
incineration plants intended for this purpose but also to "co-incineration" plants such as 
cement kilns whose main purpose is to produce energy or material products (Article 2). 
The Directive does not cover experimental plants for improving the incineration 
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process and which treat less than 50 t of waste per year. Plants treating the following 
materials are also excluded from the Directive: 
1. Waste from agriculture and forestry, the food processing industry or the 
production of paper; 
2. Wood waste; 
3. Cork waste; 
4. Radioactive waste; 
5. Animal carcasses; 
6. waste resulting from the exploitation of oil and gas and incinerated on board 
offshore installations 
According to Article 4 of the Directive all incineration or co-incineration plants must be 
authorized. Permits should be issued by the competent authority listing the categories 
and quantities of hazardous and non-hazardous waste that may be treated. Plant's 
capacity and the sampling and measurement procedures to be used are also required in 
the permit. 
The Directive requires all plants to keep the incineration or co-incineration gases at a 
temperature of at least 850 °C for at least 2 seconds to guarantee complete waste 
combustion. If hazardous waste with a content of more than 1 % of halogenated organic 
substances, is incinerated, the temperature has to be raised to 1100 °C for at least two 
seconds (Article 6). 
According to Article 7, incineration and co-incineration plants must be designed, 
equipped, built and operated in such a way that the air emission limit values set out in 
Annex V and Annex II, respectively, are not exceeded. The Directive controls air 
emissions of heavy metals, dioxins and furans, carbon monoxide, dust, total organic 
carbon, hydrogen chloride, hydrogen fluoride, sulphur dioxide, nitrogen monoxide and 
nitrogen dioxide. 
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2.2 MBT techonolodes 
Mechanical biological treatment (MBT) partially processes mixed household waste or 
residual waste by mechanically sorting various fractions of the waste and by 
biologically treating the organic content of the waste so that the volume and mass of the 
residual fraction are smaller, has lower putrescibility and is suitable for a number of 
possible uses. The aim of MBT is to minimize the environmental impact associated 
with the final disposal of biodegradable wastes and to obtain additional value from 
input waste by the recovery of recyclable materials such as metal, glass and in some 
cases biogas, a compost-like output (CLO) or a waste derived solid fuel fraction 
(Heermann, 2003; Juniper, 2005). 
MBT of MSW is developed to the greatest extent in Spain, Italy and Germany (Juniper, 
2005). The technology was initially developed in Germany and Austria, where it has 
been accepted as a viable waste management option for the longest period of time 
(Stegmann, 2005; Kuehle- Weidemeier, 2007). More recently, MBT has attracted much 
wider interest and there are currently 80 operational plants in 16 countries worldwide 
treating more than 8,500,000 t y-1. By 2006, it is expected that more than 123 plant will 
be operating worldwide with a capacity of more than 13,000,000 t y-1 (Juniper, 2005). 
MBT technologies combine mechanical and biological processing in various 
configurations. Mechanical processing involves sieving, sorting, densimetric separation 
and size reduction technologies. The purpose of the mechanical stage is four fold: (1) to 
maximize resource recovery through recycling of various products such as glass 
aluminium and metals, (2) to prepare materials for the biological stage (obtain an 
optimum particle size and maximize the percentage of biodegradable waste), (3) to 
refine outputs and (4) remove inappropriate constituents within the input waste like 
stones and sand. The degree of mechanical processing largely depend on: 1. the type of 
waste input, 2. the level of potential recyclables in the waste input, 3. the output 
required and hence the amount of contamination in the waste that must be removed, 4. 
the quantity of recycling desirable. 
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Biological processing refers to an aerobic or anaerobic biological process which 
converts the biodegradable waste fraction into a compost-like output (CLO), a 
biostabilized solid residue, a solid recovered fuel and in the case of processes 
incorporating anaerobic digestion, biogas. 
2.2.1 Products from MBT technologies and markets 
The main outputs from MBT of MSW are dry recyclables, solid fuels (SRF, RDF), 
CLO and biogas. The terms refuse derived fuel (RDF) and solid recovered fuel (SRF) 
are described in later paragraphs. The marketability of dry recyclable products 
recovered from MBT technologies is crucial for meeting the recycling targets set by the 
Packaging Directive (CEC, 1994), especially in countries where source separation of 
recyclable is not widely practiced. Finding a market for biogas is usually not an issue 
for MBT plants as it can be used to produce heat and power on site to operate the plant, 
or electrical power can be generated using the gas and exported to the national 
electricity grid (Lantz et al., 2006; Tricase and Lombardy, 2008). However, securing a 
market for SRF/ RDF and CLO is a more significant challenge in most circumstances. 
Visual contamination with plastic film or glass and high levels of heavy metals can 
constrain the marketability of CLO, especially in the agricultural sector. Although 
visual contamination is not an issue for solid fuels, high levels of heavy metals or 
chlorine may restrict their marketability (EA, 2004; Juniper 2005). Landfill diversion 
performance of various MBT technologies is largely dependent on the marketability of 
the solid fuel or CLO (Juniper, 2005).The potential markets for recyclable materials 
and SRF are described in the following paragraphs. A detailed consideration of the 
markets for CLO was beyond the scope of the present PhD thesis. 
2.2.1.1. Markets for recyclables 
The main recyclable materials recovered from MBT technologies are plastic, ferrous 
and non ferrous metals and to lesser extent, glass. Although plastic is recovered through 
kerbside separation which is prevalent throughout the EU, waste inputs to MBT 
facilities may still contain appreciable amounts of plastic. The marketability of plastics 
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varies considerably and is site specific. However, markets for some types of plastics, 
for example polyethelene tetrapthalate (PET) and high density polyethelene (HDPE) 
are usually available. These types of plastics are generated through energy intensive 
processes and, therefore, recycling is an attractive option. Other types such as plastic 
film are usually recovered from the waste for use as a fuel due to their high calorific 
value and they are less attractive as recyclables (Juniper, 2005). 
Ferrous and non ferrous metals are also recovered from residual or mixed waste treated 
at MBT facilities. Metal recycling is generally the most cost-effective form of 
commodity recovery from waste and requires much less energy than refining metal 
from ore (up to 95 % less for aluminium and 75 % less for iron and steel). In addition, 
mining and smelting have significant environmental impacts (EA, 2004). Although 
usually there is a market for several types of ferrous and non ferrous, metals 
contamination with putrescibles can reduce the revenues earned from these recyclables 
due to handling and storage problems caused by odours and vermin attraction. In 
contrast, good quality metals that are free from external contamination can obtain high 
market values (Juniper, 2005). For example aluminium is one of the most expensive 
recyclable materials recovered from MBT with a price up to 900 € f l (EEA, 2002). 
Small quantities of glass are also recovered from MBT facilities. In some countries, for 
example Spain, glass is removed from the mixed or residual waste stream through hand 
picking. However, this practice can be uneconomical in other countries such as the UK, 
where labour costs are high. In most cases glass recovery by MBT processes is 
problematic, since residual waste usually treated at MBT facilities contains finely 
divided material. In most cases the fine glass fraction is mixed with other inert 
materials and is disposed of in landfill, since recovery is not economic (Juniper, 2005). 
2.2.1.2. Markets for Solid Fuels (RDF / SRF) 
Some MBT technologies are configured to produce solid fuels. There are two major 
types of fuels produced through MBT, SRF and RDF. Whilst RDF is generated from 
the coarse dry fraction of the mixed waste containing mainly paper, card and plastic 
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film, after mechanical sorting, SRF is a fuel produced under certain specifications that 
are provided by the end user (ERFO, 2005). SRF may also contain the putrescible 
organic fraction after a bio-drying process. The main outlets for SRF and RDF are 
existing incinerators, cement kilns, power plants, industrial boilers and dedicated 
thermal processing units like gasification and pyrolysis plants (ERFO, 2005; Juniper, 
2005). The different markets for SRF and RDF and potential limitations are presented 
in the following paragraphs. The market assessment was based to a large extent on a 
report prepared by Juniper Consultancy (2005) due to the scarcity of relevant published 
data. 
Power utility sector 
The utilization of SRF and RDF could contribute to reduced CO2 emissions in the 
power industry by reducing the consumption of fossil fuels (CEN, 2006a). However, 
there are technical and legal constraints associated with the direct co-combustion of 
RDF/SRF in power plants that restrict the actual amounts of these fuels that can be 
utilized by this sector currently (Juniper, 2005). Indirect co-combustion could be a 
more attractive option with less technical and legal impediments (Braekman- Danheux 
et al., 1998) but this practice is not yet commercially fully proven with SRF/ RDF (EC, 
2003; Juniper, 2005). 
Direct SRF and RDF combustion is controlled by the waste incineration directive 
[(WID), (CEC, 2000)]. The Directive sets strict NOx and SO2 limits in the flue gasses 
(CEC, 2000) and existing coal-fired power plants are usually not equipped with 
desulphurization or selective catalytic reduction systems to control SO2 and NO„ 
emissions, respectively. Co-combustion trials of RDF in coal fired fluidized bed 
boilers, showed that additional flue gas cleaning equipment is necessary, for complying 
with the gaseous emissions and particulate emission limits of WID if RDF is co-fired 
with the coal (Gulyurtlu et al., 2006). As a consequence the utilization of considerable 
quantities of SRF / RDF in most cases would require a large capital investment in flue 
gas cleaning systems. In addition, the higher chlorine content of RDF and SRF 
compared to fossil fuels (see section 3.2.3) is usually associated with corrosion of the 
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boilers and heat transfer surfaces. The increased concentration of alkali metals (that 
have a melting point below the temperatures inside the combustion boilers) in SRF and 
RDF compared to fossil fuels could result in higher risk of fouling and slagging on the 
heat transfer surfaces (Dayton, 1999). 
In coal fired power plants SRF/ RDF are blended with coal in the coal milling section 
of the plant and the co-fuel blend is injected directly into the burners of the coal-fired 
boilers. Handling, pre-processing, conveying and feeding of the co-fuel requires 
additional space and equipment specifically designed for handling and pre-processing 
of SRF. The different flow properties and fibrous nature of SRF can also result in 
blockages of the feeding systems. Conveying of the co-fuels could be also problematic 
resulting in increased dust emissions and blockages. In addition, pre-processing of SRF 
in the coal mill increases the risk of spark ignition, explosion and fire. This practice can 
also increase wearing and blockages of the coal mills (Juniper, 2005). 
Ash disposal is another potential problem associated with the utilization of SRF / RDF 
in power plants. Pulverized fly ash (PFA) from coal-fired power plants is a marketable 
product that is used in civil engineering applications. If SRF and RDF are blended with 
the ordinary fuel in coal-fired power plants, the resulting PFA could contain higher 
levels of heavy metals and therefore, this could impede its marketability (Juniper, 
2005). For example co-combustion of RDF in a pilot scale fluidized bed combustor 
resulted in an appreciable increase in the heavy metal concentration in fly ash 
(Gulyurtlu et al., 2006). However, according to Manninen et al. (1997) co-combustion 
of up to 10 % RDF with coal in a fluidized bed boiler did not result in significant 
changes in the heavy metal content of fly ash and would therefore, not have any 
negative effect on its marketability. 
Direct SRF/ RDF utilization in the power industry is restricted by various technical, 
legislative and financial factors and the quantities of these materials that could be, 
currently utilized in this sector are fairly limited. In Europe direct SRF/ RDF utilization 
in power plants is not widely practiced and only in Germany and Netherlands there are 
some isolated examples of power generation through co-firing these fuels (ERFO, 
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2005). Significant changes in the policy framework, and strong financial incentives 
from the governments, are necessary to increase the amount of these fuels used by the 
power sector. 
Indirect co-combustion of SRF / RDF is another option for power generation. In this 
approach SRF is first gasified and the resultant syngas is used in the power plant 
(Yassin et al., 2008; Galvagno et al., 2009). Through indirect co-combustion many 
technical challenges associated with direct co-combustion could be alleviated or 
completely avoided. In contrast to direct utilization where SRF is blended with coal 
prior to combustion during indirect combustion, SRF produced from a biodrying 
process can be fed directly into a fluidized bed gasifier without any additional pre-
treatment. Therefore, problems associated with wearing of the coal mills and blockages 
can be avoided. In addition, the ash from the gasifier is kept separately and the risk of 
contaminating the PFA generated from coal combustion is eliminated (Juniper, 2005). 
This is a significant advantage of indirect SRF combustion, since PFA from gasification 
could be managed separately with lower cost, and PFA from coal combustion remains a 
marketable product. Another major advantage of indirect combustion compared to 
direct co-combustion, is the use of less drastic conditions in comparison with direct 
combustion, resulting in reduced heavy metals gaseous emissions and dioxins 
(Porteous, 2001; Helsen and Van den Buick, 2005). 
Cement Industry 
The cement industry is another potential market for SRF / RDF. Cement production is 
an energy intensive process with energy consumption accounting for 30-40 % of the 
manufacturing cost of Portland cement (Duda, 1985). Therefore, replacing fossil fuels 
with SRF / RDF, received at a low or even negative price could result in significant 
reduction of the cost for cement production. In addition, the cement industry is 
controlled by the Emissions Trading Directive (CEC, 2003) and utilization of SRF/ 
RDF with high biomass content would significantly reduce CO2 emissions. Cement 
kilns burning SRF / RDF must also comply with WID (CEC, 2000) but, in contrast to 
the power generation industry, emission limits do not impede utilization of considerable 
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amounts of these materials and this would not require major investment for flue gas 
cleaning systems (Genon et al., 2008). The high temperature, alkaline environment, 
turbulence and high retention times in the cement kilns offer unique advantages for 
waste combustion. Ash disposal and the presence of inert inorganic material in SRF/ 
RDF is also not an issue for the cement industry, since both become part of the clinker 
and cement (Duda, 1985; Genon et al., 2008). Another significant advantage of the 
cement industry is the existing experience of handling feeding and burning various 
alternative fuels such as shredded tyres, bone meal, sewage sludge and agricultural 
waste (EC, 2003) that can be directly applied in the utilization of SRF/ RDF. 
The market size for SRF/ RDF in cement manufacture is site specific and depends on 
the availability of other alternative fuels. For example in the UK, most cement 
companies already use alternative fuels such as industrial solvents, waste tyres and 
solid industrial waste (Juniper, 2005). SRF/ RDF is less attractive compared to the 
above fuels because of the lower calorific value and also because these other waste 
derived fuels attract a gatefee and represent an income stream to the cement companies. 
As a consequence the market for SRF/ RDF is currently, fairly limited. Belgium has the 
highest substitution rate for waste-derived fuels in Europe (50 %) and SRF/ RDF counts 
for less than 10 % of this total due to competition with other alternatives fuels (EC, 
2003). In Germany up to 500, 000 t y' of SRF/ RDF is utilized in the cement industry. 
However, this represents only a small proportion (less than 8 %) of the total quantity of 
waste fuels used, which currently substitute 38 % of the total solid fuel requirement 
(Juniper, 2005). 
However, in some European countries there is scarcity of alternative fuels for 
utilization in cement kilns. For example in Cyprus, the cement industry is willing to 
accept SRF / RDF without receiving a gatefee (Theophilou, C., Vassiliko Cement 
Works Ltd, pers. corn.) 
The cement industry is a large potential market for SRF/ RDF and the utilization of 
moderate amounts of these materials is technically and financially viable. However, in 
most European countries there is currently, considerable competition with other waste 
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fuels that may be more attractive due to their higher calorific value and the gatefee that 
can be received for accepting them (Juniper, 2005). However, utilization of waste 
derived fuels in the cement industry is expected to increase considerably in the 
following years and this could result in larger demand for SRF/ RDF (EC, 2003; Genon 
et al., 2008) 
Industrial Boilers 
Industrial processes including steel, paper and pulp production require high amounts of 
energy that is obtained through combustion processes. Approximately 25 % of the 
energy requirements for the manufacturing industry are derived from solid fuels that 
could be partially displaced by SRF. Although solid fuels are utilized in many industrial 
manufacturing process only a restricted number could consider the utilization of SRF 
(Juniper, 2005). Technical and legislative issues, similar to those arising within the 
power utility sector, restrict or prohibit the utilization of these fuels in most industrial 
manufacturing processes. 
One of the factors restricting SRF utilization in industrial boilers is the small size of the 
majority of boilers and therefore, limited capacity. Another potential barrier is the 
negative impact on the image of the companies if they decide to combust waste 
(Juniper, 2005). The strict pollutant emissions limits set by WID (CEC, 2003) and the 
need for additional investment for air pollution control systems makes the use of SRF 
economically unattractive in most cases. 
However, SRF utilization can be an attractive option in some manufacturing processes 
like paper and pulp production. De-inking sludges are produced during processing of 
recycled paper, and therefore, paper recycling facilities have to manage this waste-
stream in an environmentally sound way. Land spreading, landfill disposal and on-site 
combustion are the three main options for managing this waste-stream with the latter 
becoming more favourable (Monte et al., 2008). De-inking sludge has a very low 
calorific value and is utilized in fluidized bed combustors (Albertson, 1999; Porteous, 
2005; Oral et al., 2005). Blending waste from the paper and pulp industry with SRF 
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could increase the overall calorific value of the co-fuel and improve the combustion 
characteristics of the paper sludge (Juniper, 2005). Utilization of SRF with high 
biomass content could also have a significant financial benefit resulting from CO2 
emissions reduction. 
SRF utilization is likely to become more attractive in the future with the increasing 
pressure on industry to reduce its net fossil fuel consumption and the rise in fossil fuel 
costs. Financial penalties for failure to meet the Kyoto targets is another important 
factor favouring the utilization of SRF in industrial boilers. The rising value of carbon 
credits in emissions trading schemes will also provide an additional financial driver. 
Planning and regulatory approval for co-firing SRF, may also become simpler as more 
on-site management options for waste are considered by different industries to reduce 
disposal costs (Juniper, 2005). 
2.2.2 Specifications of SRF 
Solid Recovered Fuel is currently being utilized in various applications. The European 
Committee of Standardizations proposed a classification system for SRF based on three 
key properties: net calorific value, chlorine content and total Hg concentration (Table 
3.4). Classification systems could facilitate development of a European market for SRF, 
and also limit practical uncertainties such as: (1) obtaining a permit to use SRF, (2) 
consistency and quality of SRF, (3) impact of using SRF on the operational 
performance of various processes (CEN, 2006). According to this system SRF is 
classified in 5 different categories with highest quality SRF categorized as class 1. 
The different end users (cement industry, power plants etc.) provide specifications for 
the fuel to avoid as far as possible operational and legislative issues associated with this 
practice. The European Solid Recovered Fuel Organization (ERFO, 2005) and the 
European Committee of Standardization (CEN, 2006) published documents with SRF 
specifications for various applications based on the specifications provided by end users 
in the EU. These specifications are presented in the following paragraphs. 
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Table 2.4 SRF classification system (CEN, 2006) 
Property 	Unit 
Classes 
1 	 2 	 3 	 4 	 5 
Net 
Calorific 
Value 	MJ kg-1  
(NCV) ar 	25< NCV< 45 20< NCV< 25 15< NCV< 20 10< NCV< 15 3< NCV< 10 
Chlorine % ar 
(Cl) 	median 	Cl< 0.1 	0.1< Cl< 0.5 	0.5< Cl < 1.0 	1.0 < CI< 1.5 	1.5 <CI< 6.0 
Mercury mg MJ-1  
(Hg) 	ar 
median 	<0.02 	<0.03 	<0.08 	<0.15 	<0.5 
80 th 
percentile 	<0.04 	<0.06 	<0.16 	<0.30 	<1.0  
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2.2.2.1. Cement Industry 
The cement industry is currently the main end user of SRF (EC, 2003). The European 
Solid Recovered Fuel organization (2003) has set SRF standards based on 
specifications provided by end-users from Belgium, Germany and France. Net calorific 
value (NCV) and chlorine content are the two parameters specified by most end- users, 
as these are crucial to operational performance. Although there is no maximum value 
for NCV a range between 10.0- 12.6 MJ kg-1 is acceptable for most cement kiln 
operators (Table 3.5). Chlorine content is an important parameter especially for 
installations operating a dry production process with a pre-heater. Condensation of 
volatile chlorides can block the pre-heater (Duda, 1985) and therefore, Cl concentration 
should not exceed 1 % on an as received weight basis. Cement kilns using the dry 
process with a salt bypass system have higher Cl tolerance and up to 3 % is acceptable 
but this figure is still much lower compared to cement kilns using a wet process were 
Cl concentration up to 6 % can be tolerated (Table 3.5). 
In the cement industry heavy metals are almost completely incorporated in the clinker. 
Heavy metal limits for SRF proposed by CEN (2006) are based on transfer factors 
(percentage of the input of heavy metal that is emitted to the atmosphere) and the WID 
(CEC, 2003) emission limits. Mercury is a critical element with the largest transfer 
factor compared to other heavy metals. The total concentration of cadmium and thalium 
(Cd+ T1) and the total concentration other heavy metals (excluding Cd, Tl and Hg) are 
the other controlled parameters (Table 3.5). Transfer factors for Hg differ between the 
dry and wet process and therefore different Hg concentration limits are set. 
2.2.2.2. Coal fired power plants 
Coal fired power plants are a potential outlet for SRF and specifications for chlorine 
and NCV have been published by ERFO (2005). Hard and brown coal are the major 
types of fuels used in these plants and SRF specifications differ depending on the 
primary fuel that is utilized. Hard coal can be used in power plants using a dry bottom 
boiler (DBB), and in plants with wet bottom boilers (WBB). In contrast, brown coal is 
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utilized only in power plants with a DBB. Fuel specifications differ between DBB and 
WBB plants (Table 3.6). 
The European CEN has also proposed heavy metal concentration limits for SRF 
utilized in coal fired power plants. These take account of the different transfer factors 
for WBB and DBB utilizing hard coal and DBB combusting brown coal (Table 3.6) 
2.2.2.3. Fluidized Bed Combustion Plants 
Fluidized bed combustion plants (FBC) are used for various applications such as 
district heating and cogeneration using mainly biofuels (Yassin et al., 2008). ERFO 
(2003) has established net calorific value and chlorine specifications for SRF utilized in 
FBCs based on the requirements for end users in Sweden, Italy and Germany, and these 
are listed in Table 3.7. 
Maximum allowable concentration limits for SRF used in FBC have been set by the 
European Committee of Standardization (for details in CEN, 2006). Fluidized bed 
combustors equipped with activated carbon filters can utilize SRF with considerably 
higher heavy metal concentrations (Table 3.7) 
Table 2.5 Solid Recovered Fuels Net calorific value (NCV), Cl and heavy metals 
content specifications for the cement industry (combined data from ERFO, 2005 
and CEN, 2006) 
	
All 	 Dry 	Dry 
Cement Ce (WID) 	Wet 	Process- Process- 
Property 	 Kilns 	mg IT1-3 	Process 	NSP 	SP  
NCV (MJ kg"' ar) 	10-12.6 - - 
(mean) 
Cl (% wt ar) - 6 0.5-1.0 1.0-3.0 
Hg (mg MJ-tar) 0.05 * 0.17 0.08- 0.08- 
0.33 0.33 
Cd + Tl (mg Nu-' ar) 0.05 * 6.9 6.9 6.9 
sum HM (mg MT' ar) 0.5 * 1650 1650 1650 
* emmission limits of heavy metals in mg 111-3 of flue gas from cement kilns, 
ar = as received 
sum HM = total concentration of heavy metals excluding Hg, Cd and Tl 
NSP = no salt bypass, SP = salt bypass 
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Table 2.6 SRF net calorific value (NCV), Cl and heavy metals specifications 











NCV (MJ kg-1 ar) 13.5 (mean) 17 (mean) 13.5 (mean) 
11-18 (range) 13-22 (range) 11-18 (range) 
Cl (% wt ar) 0.6 (mean) 1.1 (mean) 0.5 (mean) 
1.3 (max.) 2.5 (max) 0.6-1.0 (max)a 
Hg (mg MT' ar) 0.05* 0.07 0.03 0.09 
Cd + TI 
(mg MI1 ar) 
sum HM 









*emmission limits of heavy metals in mg m-3 of flue gas from coal fired power plants; 
ar = as received; 
sum HM = total concentration of heavy metals excluding Hg, Cd and Tl; 
NCV = net calorific value; 
DBB = Dry Bottom Boiler; 
WBB = Wet Bottom Boiler; 
a The maximum values vary for different companies. 
Table 2.7 SRF net calorific value (NCV), Cl and heavy metals specifications 
for fluidized bed combustors (combined data from ERFO, 2005 and CEN, 2006) 
Property 
NCV (MJ kg-1 ar) 
Cl a (% wt ar) 
  
Ce 
(WID) 	Fluidised bed 
mg 111-3 comustor without AC 
- 13.5 (mean) 
- 9-18 (range) 
- 0.4 (mean) 
0.5 or 0.8 or 1.4 
(max) 
	
0.05* 	 0.03 
0.05* 0.63 
0.50* 	 17 
Fluidized bed 










Hg (mg MJ-lar) 
Cd + Tl (mg No-' ar) 
sum HM 
(mg Nu-' ar)  
AC: activated carbon 
 
   
2.2.3 MBT Technologies- Case Studies 
Solid Recovered Fuel is one of the main outputs of some MBT plants. A limited 
number of MBT companies use the metabolically generated heat of aerobic 
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decomposition to dry the waste (biodrying) and mechanical post refining to recover 
recyclable products and SRF (Juniper, 2005). The main examples of these technologies 
are Herhof, Ecodeco and Nehlsen. 
2.2.3.1 Herhof 
Herhof Environmental builds, owns and operates MBT and In-vessel composting 
facilities throughout Europe. There are over 40 Herhof s in-vessel composting plants 
(average size 40,000 t) worldwide, which produce compost from kitchen and garden 
wastes for agricultural and horticultural use. However, Herhof have been operating 
Stabilat systems (which produce a fuel through a bio-drying process) since 1997 in 
response to German legislation that requires the landfilling of biodegradable waste to 
cease by 2005 in order to meet the requirements of the EU Landfill Directive (MRMC, 
2005a). Currently, Herhof owns 9 MBT reference plants producing SRF using the dry 
stabilat technology with a total capacity of 1,205,000 t y-1. 
Process Description 
Residual waste is delivered to the MBT plant and is placed in an enclosed reception pit 
and bulky materials are removed. A slight negative pressure is maintained within the 
plant to control odours. 
The waste is transferred to a primary shredder using an automated bunker crane and the 
size of the waste is reduced to less than 200 mm. Shredded waste is transferred by 
another automated grab crane into biodrying boxes constructed from reinforced 
concrete. The boxes are typically 30 m long by 5 m wide and waste is stockpiled to 
height up to 5 m. Each box can hold up to 300 t of waste. The boxes are sealed with a 
lid after filling. Waste in the boxes remains enclosed for 7-10 days and is supplied with 
forced air injected through the floor to maintain aerobic conditions and remove 
moisture. The temperature of the exhaust gasses is continuously monitored and airflow 
is automatically controlled by a temperature feedback system to provide optimum 
conditions for microbial activity and drying. Metabolically generated heat causes 
evaporation of the moisture contained in the waste (MRMC, 2005a). Warm moist air 
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passes through an air to water heat exchanger to condense moisture. The condensate is 
treated and provides cooling water for the plant. Dried, cooled air is re-circulated back 
through the boxes and is combined with fresh air to ensure adequate oxygen supply in 
the boxes. Off gasses from the biodrying stage are treated through a thermal 
combustion process operated at 850 °C to eliminate odourous volatile compounds 
(Juniper, 2005). 
Dry waste is removed from the boxes by an automated crane and is passed through a 
densimetric separation system. The light fraction passes through a magnetic separation 
and eddy current units to recover ferrous and non ferrous metals. The remaining light 
fraction is the main constituent of SRF. The heavy fraction passes through a second 
densimetric separation stage to recover combustible materials, which are blended with 
the separated light fraction to produce SRF. The rest of the heavy fraction, passes 
through a magnetic and an eddy current separator, to recover ferrous and non-ferrous 
metals. The residual fraction mainly comprising inert material is rejected. The particle 
size of SRF can be reduced further by additional shredding or pelletized according to 
the needs of the end user. 
2.2.3.2. Ecodeco 
The Sistema Ecodeco Group has been operating for over 25 years in the environmental 
services field. Ecodeco uses an MBT technology called the Biocubi Process to produce 
SRF and dry recyclable materials from mixed or residual MSW (MRMC, 2005b). The 
Biocubi Process is a well established technology and there are 10 plants operating in 
the EU, with other plants expected to commence operation in 2008 (MRMC, 2005b). In 
the UK, Ecodeco Biocubi plants, now renamed Intelligent Transfer Stations (ITS) are 
licensed to the Shanks Group who have the exclusive rights for marketing the 
technology in the UK, Holland and Belgium (Juniper, 2005). 
Process Description 
Waste is unloaded from refuse collection vehicles into a tipping pit with a capacity 
exceeding the daily supply of waste. This activity takes place in a controlled 
environment with water sprays to reduce dust emissions and negative pressure to 
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manage odours. Waste is picked up by an automatically controlled crane and 
transferred to a primary shredder where size is reduced to less than 200-300 mm. 
Shredded material is then moved to the bio-drying area, which has a perforated floor. 
The waste is placed in contiguous windrows with 6 m height. The area is divided into a 
virtual grid on the computerised control system which controls the crane movements 
and records when and where materials have been stockpiled. Air is injected through the 
perforated floor and passes through the waste. 
The airflow is controlled to ensure optimum temperature conditions for microbial 
activity. The air that passes through the waste is transferred to bio-filters for odour 
abatement. Waste remains on the bio-drying area for 12-15 days. Metabolically 
generated heat causes evaporation and sanitization of the waste. Easily degradable 
material decomposes, whilst the remaining material has a calorific value between 15 
MJ kg-1 and 18 MJ kg -1 (MRMC, 2005b). 
The bio-dried material is then transferred to the mechanical refining plant (Figure 3.2). 
The bio-dried output is screened and the fraction <20 mm is removed for landfill 
disposal. Although this fraction is reported to contain inert material (MRC, 2005 b) a 
considerable amount of readily biodegradable material might be contained in this 
fraction. The oversize fraction passes through a second 120 mm screen. The undersize 
material (< 120 mm) is further classified by an air separator and the heavy fraction is 
rejected. The light fraction and the oversize material from the second screening stage (> 
120 mm) undergoes a magnetic and eddy current separation to recover ferrous and non-












































Figure 2.1 The Herhof MBT process (Juniper, 2005) 
Residual 
MSW 
Figure 2.2 Ecodeco's Biocubi MBT process (Juniper, 2005) 
2.2.3.3. Nehlsen 
Nehlsen is a group of 12 companies in Germany active in the waste disposal market for 
more than 75 years. The Nehlsen group provides a wide range of waste management, 
recycling and waste transport services including an MBT technology. Nehlsen's MBT 
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technology is known as Mechanical Biological Stabilization and its main outputs are 
SRF and dry recyclables. The process is similar to Herhof system but is promoted at 
smaller scale of about 50, 000 t y-1. Nehlsen currently operates 3 reference plants 
processing residual MSW in Germany, with a total capacity of 118,000 t y-1. 
Process description 
Residual waste is delivered to the MBT plant and visually inspected to remove 
oversized unwanted items, which are disposed to landfill. The remaining waste is 
shredded to a particle size less than 300 mm and transferred to biodrying containers. 
Air is injected into the containers and airflow is automatically controlled by 
temperature feedback to maintain optimum conditions for sanitization and waste 
decomposition. Waste remains inside the biodrying containers for 7 days and moisture 
content drops to less than 20 ,% by means of metabolically generated heat. The off-
gasses from the biodrying stage are sent to a thermal oxidizer to meet the strict volatile 
organic compounds (VOCs) emissions levels required by German legislation. 
The bio-dried output passes through a trommel screen and is separated in three different 
size fractions: <40 mm, 40-200 mm and >200 mm. The oversize fraction (>200 mm) is 
shredded and joins the 40-200 mm fraction. The <40 mm fraction passes through a 
magnetic and eddy current separator to recover ferrous and non-ferrous metals and then 
through a vibrating sieve to remove the fraction with particle size less than 10 mm. 
This fine fraction comprised mainly of inert material is rejected. The remaining 10-40 
mm is blended with the 40-200 mm and the resulting stream passes through an air 
classifier. The heavy fraction is rejected, whilst the light fraction passes through 
magnetic and eddy current separator. After the recovery of ferrous and non-ferrous 
metals the remaining waste passes through a 50 mm vibrating sieve. 
Oversize material is directly recovered as SRF, whereas the <50 mm fraction is first 
granulated before passing through a magnetic separator for further metal recovery and 
an air classifier to remove heavy unwanted items. The remaining material is blended 














































Figure 2.3 The Nehlsen MBT process (adapted from Juniper, 2005) 
2.2.3.3. Comparison and evaluation of biodrying MBT technologies 
Existing biodrying MBT technologies described in previous paragraphs apply similar 
processes. In all cases mixed or residual MSW pass through a coarse shredding stage 
and the coarsely shredded output is biodried in static systems. The biodried waste is 
then mechanically sorted to recover mainly ferrous, non ferrous metals and SRF. In all 
technologies the two parameters controlled during the biological processing stage are 
temperature and oxygen by airflow variation and the quantity of fresh air entering the 
system. A comparison of the main performance parameters of the 3 biodrying 
technologies is presented in Table 3.8. 
The Herhof and Ecodeco systems have a considerably larger number of reference plants 
compared to Nehlsen with 9-10 times higher total capacity (Table 3.8). The retention 
time during the biodrying stage in the Ecodeco system is higher compared to Herhof 
and Nehlsen but the reason for that is not clear. However, the retention time of the 
biodrying stage will depend on the average composition and characteristics of MSW at 
different sites. The diversion performance of the three technologies is similar and 
depends mainly on the availability of markets for SRF. A major problem that can be 
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encountered with the 3 biodrying systems if SRF fails to find a market, is that the fuel 
is not biologically stable, and can cause adverse environmental impacts if it has to be 
disposed to landfill (EC, 2003; MRMC, 2005a; MRMC, 2005b). 
The footprint of Ecodeco plants is slightly smaller compared to Herhof. However, 
Nehlsen system has a considerably larger footprint compared to the other two 
technologies. No published data was available on the cost of the different technologies 
and therefore, no comparison could be performed. However, Nehlsen claimed that their 
system is better suited for small to medium scale MBT plant because their technology 
is simpler and possibly less expensive at a smaller scale compared to the other systems 
(Juniper, 2005) 
Table 2.8 Comparison of existing MBT biodrying technologies 
(Adapted from Juniper, 2005) 
Herhof Ecodeco Nehlsen 
Number of reference plants 9 11 3 
Total capacity 	(t y-1) 1,205,000 970,000 118,000 
Biodrying stage- retention 
time (d) 7 to 10 12 to 15 7 
Landfill diversion 
performance (% of total 
MSW delivered to a plant) * 35-85 30-80 30-85 
Footprint (m2 / t y-1) 0.065 0.045 0.2 
* landfill diversion, maximum values if all SRF finds a market and minimum 
values if all SRF fails to find a market 
Interestingly, the calorific value of SRF from the 3 technologies is higher than the 
brown coal. Another major advantage of SRF compared to hard coal and brown coal is 
the lower sulphur content, that could reduce wearing of the heat transfer surfaces and 
electrostatic precipitators, and therefore, the associated maintenance cost. However, 
chlorine content and the concentrations of some heavy metals (e.g. chromium, lead, 
mercury) are considerably higher in SRF compared to hard or brown coal. 
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Typical compositions of SRF from the MBT processes, and composition of brown and 
hard coal are presented in Table 3.9. Ecodeco's SRF has the highest calorific value 
compared to the other 2 technologies but the difference with Herhof s SRF is marginal. 
In contrast, Nehlsen's SRF has a considerably lower calorific value compared to Herhof 
and Ecodeco. The concentration of most heavy metals (e.g chromium, lead, mercury, 
arsenic, copper) is lower in the SRF produced by Ecodeco compared to the other 
technologies, but the chlorine content is higher. This suggests that a higher quantity of 
Ecodeco's SRF can be utilized without exceeding heavy metal emissions limits set by 
WID (CEC, 2000). However, higher chlorine content could increase operational 
problems such as corrosion of heat transfer surfaces and blockages in the precalciner of 
cement kilns. The SRF generated from the 3 technologies complies with the 
specifications set by ERFO (2003) for a number of end users. SRF from the 3 
technologies can be utilized in all existing cement kilns including wet processes and dry 
processes with or without salt bypass system (see Section 2.2.2.1). SRF from all the 
technologies can also be utilized in hard coal fired power plants with wet bottom boiler 
(see Chapter 2.2.2.2). However, chlorine content of SRF may not comply with the 
specifications of some end users operating fluidized bed combustors (Table 2.6) 
Table 2.9 Comparison of SRF from biodrying technologies with hard 
and brown coal (Adapted from Juniper, 2005) 









CV MJ/kg 17.50 16.50 13.00 28.00 9.10 
Nitrogen % 0.96 1.70 1.50 1.40 1.00 
Sulphur % 0.18 0.20 NS 0.88 1.50 
Chlorine % 0.76 0.44 0.40 0.14 0.11 
Arsenic mg/kg 0.48 0.80 4.00 6.90 2.10 
Lead mg/kg 93.00 230.00 200.00 33.00 2.10 
Cadmium mg/kg 1.70 2.20 0.35 0.35 0.07 
Chromium mg/kg 95.00 600.00 100.00 30.00 5.30 
Copper mg/kg 18.00 200.00 NS 21.00 2.10 
Nickel mg/kg 35.00 25.00 40.00 24.00 3.40 
Mercury mg/kg 0.60 0.75 1.50 0.40 0.10 
Zinc mg/kg 350.00 400.00 NS 42.00 5.80 
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Existing biodrying MBT technologies apply a similar simple design for the biodrying 
stage based on a static system approach, which is followed by mechanical post refining. 
The absence of agitation during the biodrying stage is a major disadvantage of the 
existing biodrying technologies, since moisture gradients develop within the biodrying 
matrix (Adani et al., 2002) that could result in a product with heterogeneous moisture 
content. Another disadvantage of the static bay approach is that preferential flow paths 
of air are developed (Haug, 1993) that could increase the heterogeneity of the biodried 
output. Although the static bay approach is widespread in composting systems, this is 
followed by maturation were mixing occurs periodically to fully stabilize the output 
from the static bays. In contrast, no further processing occurs in existing biodrying 
MBT technologies. 
The disadvantages of the static bay approach adopted by existing MBT technologies 
could be overcome in a continuously or periodically agitated biodrying system. 
Agitation could also reduce the required processing time of the biodrying stage because 
it facilitates microbial activity at limiting moisture contents (Miller, 1989) and 
accelerates drying (Walker et al., 1999) 
2.3 Biodrying versus Composting 
Composting is defined as the autothermic and thermophilic biological decomposition of 
biowaste in the presence of oxygen under controlled conditions by the action of micro-
and macro-organisms to produce compost which is a stable, sanitized and humus-like 
material rich in organic matter and free from offensive odours (CEC, 2002). Compost 
can be produced from source separated biodegradable waste or mechanically sorted 
waste. The latter is defined as compost like output (CLO) and is one of the main 
outputs of MBT technologies (Juniper 2005). Depending on its quality compost and 
CLO can be utilized in various applications such as agriculture, bioremediation, 
landscaping etc. 
Biodrying is also autothermic and thermophilic and is performed under aerobic 
conditions usually with unsorted municipal solid waste. The aim of biodrying is to 
reduce the moisture content of the waste and produce a high calorific value solid fuel, 
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utilizing the metabolically generated heat during the aerobic decomposition of the 
biodegradable waste fraction. In contrast to composting, the end product of biodrying 
has a moisture content near 15 %, but it is not biologically stable and may undergo 
further decomposition if water is added (Adani et al, 2000; Sugni et al., 2005). During 
biodrying only a fraction of the biodegradable material, equivalent to 10-15 % volatile 
solids (VS) is decomposed and hence, the waste maintains most of its biogenic content, 
resulting in a product of high calorific value (Adani et al, 2002). In contrast, during 
composting VS destruction can be up to 50-60 % to render the waste biologically 
stable. Composting also requires much larger processing times equivalent to 4-6 weeks 
for the active thermophilic phase and several months for curing to produce a material 
suitable for land application (Haug, 1993; CA, 2001, Koenig et al., 2005). Biodrying on 
the other hand, is much more rapid and can produce an SRF within 7 days (see Chapter 
3.2.3.3). Another major difference is that water is usually added during composting, but 
this is unnecessary for biodrying where the aim is to reduce moisture content (Juniper, 
2005). Although significant differences are apparent between the two processes, there 
are fundamentals aspects of composting that are directly applicable to bio-drying. For 
instance both processes are conducted by aerobic micro-organisms and depend on the 
rates that aerobic micro-organisms decompose organic matter. High organic matter 
decomposition rates, result in rapid waste stabilization in composting and rapid 
moisture removal during biodrying, due to high rates of metabolically generated heat 
release. Therefore, the factors affecting microbial activity and hence, aerobic 
decomposition rates, are important for both composting and biodrying treatment 
processes. However, the fundamental principles of drying are also important for the 
biodrying process. 
2.4 Fundamentals of drying 
Drying is one of the oldest, most common and most diverse of all chemical engineering 
unit operations. Drying converts a solid, semi-solid or liquid feedstock into a solid 
product by evaporation of the liguid into a vapor phase via application of heat 
(Mujumdar, 2006). 
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In conventional dryers the heat required for water evaporation may be supplied by 
convection (direct dryers), by conduction (contact or indirect dryers), radiation or 
volumetrically by placing the material in a microwave or radio frequency 
electromagnetic field. Transport of moisture in industrial dryers occurs mainly by liquid 
diffusion (if the wet solid is at a temperature below the boiling point of the liquid) or 
vapor diffusion if the liquid vaporizes within the material. Moisture is transported away 
by a carrier gas or by application of vacuum in non-convective dryers (Mujumdar, 
2006). 
2.4.1. Factors affecting drying rates  
2.4.1.1 Moisture carrying capacity of air and airflow 
One of the most important parameters influencing the drying rate in a conventional 
dryer is the water holding capacity of the carrier gas. As shown in Figure 2.4 the water 
holding capacity of air increases exponentially with temperature. 
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Figure 2.4 Effect of temperature on moisture holding capacity of air 
within a temperature range normal for composting-biodrying operations 
This implies that for a given mass of carrier gas the water that can be transported away 
increases exponentially with increasing temperature of the gas. The water holding 
capacity of the carrier gas also depends on its relative humidity (proportion of water in 
vapor form contained in the air compared to its maximum water holding capacity at a 
given temperature). The temperature and relative humidity (RH) of ambient air varies 
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between different locations and therefore, this is a factor that could affect both 
conventional drying and biodrying. According to Adani et al (2002) fast biodrying is 
achieved with biomass temperature near 45 °C. The temperature of exiting air in in-
vessel composting or biodrying operations is approximately equal to the biomass 
temperature (Haug, 1993). Biodrying of 1 t of waste with moisture content equivalent 
to 40 % to 15 % would require evaporating 294 kg of water. If the biodrying process is 
operated at 45 °C (temperature of exiting air —45 °C) and the ambient air has a 
temperature equivalent to 20 °C and RH equivalent to 50 % (absolute humidity = 7.5 g 
kg-i) the required mass of carrier gas to transfer 294 kg of water would be equivalent to 
5025 kg or approximately 4244 m3 (density of air at 20 °C with RH 50 % = 1.184 kg m-
3). In contrast if the biodrying process is operated in a country with ambient 
temperature equivalent to 30 °C and RH 100% the requiered mass of carrier gas to 
transfer an equivalent quantity of water would be 7736 kg or 6490 m3. Operating the 
biodrying process in hot moist climates requires large air volumes for moisture 
removal. Operating the biodrying process at higher biomass temperature is an option 
for reducing the volume of air required for dehydration and therefore, energy 
consumption in hot moist climates. For example if biomass temperature was controlled 
at 50 °C instead of 45 °C and the biodrying process was operated under the same 
ambient conditions (ambient temperature = 30 °C, RH = 100 %) the required air 
volume to achieve the same degree of dehydration would be 4110 m3, which is 
approximately 30 % lower compared to 6490 m3 of carrier gas required for dehydration 
in a process with biomass temperature equivalent to 45 °C. Alternatively an air to water 
heat exchanger could be used to cool the inlet air and condense moisture, thus reducing 
the absolute humidity of the inlet air and increasing the water holding capacity of the 
outlet air. 
2.4.1.2 Relative humidity of carrier gas and water binding mechanism 
The moisture content of a wet solid in equilibrium with air of given humidity and 
temperature is termed the equilibrium moisture content (EMC). When the EMC content 
is obtained no further drying can be achieved with air of specific RH and temperature. 













removed) at a given air humidity and temperature is termed free moisture (Majumdar, 
2006). A plot of EMC at a given temperature versus the RH is termed sorption 
isotherm. The isotherm obtained by exposing the solid to air of decreasing humidity is 
known as desorption isotherm, whereas the isotherm obtained by exposing the solid to 
air of increasing humidty is termed adsorption isotherm. The desorption isotherm is of 
interest in drying as the moisture content of the solids proggressively decreases. The 
general shape of the typical sorption isotherms are shown in Figure 3.5. The three 
distinct zones of the isotherms (A, B, C) are indicative of different water binding 
mechanisms at individual sites on the solid matrix. 
Desorption 
20 	40 	60 	60 	700 
Relative humidity (°I 
Adsorption 
Figure 2.5 Typical sorption isotherms 
Bound moisture is liquid that is physically or chemically bound to solid matrix so as to 
exert a vapor pressure lower than that of pure liquid at the same temperature. In region 
A, water is tightly bound to the site and is unavailable for reaction. In this region the 
RH of the carrier gas should be typically below 20 % to achieve further drying. 
However, this will also depend on the type of wet solid and air temperature. In region 
B, the water is more loosely bound in small capillaries, whereas in region C is even 
more loosely held in larger capillaries and is available for reactions and as a solvent. In 
region C moisture exerts vapor pressure equal to that of pure liquid at the same 
temperature and it is termed unbound moisture. 
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According to some researchers part of the water in living tissues is bound and the 
remainder ubound and an equilibrium is maintained between these two conditions. 
According to other theories all the water in the tissues is bound but the binding force 
differs (Robinson, 1931). The presence of bound water in living tissues is of interest for 
the biodrying process of MSW because the putrescible fraction is comprised of material 
of biological origin and therefore, contains bound water. In addition, paper contained in 
MSW is comprised of cellulose fibers. Cellulose has a strong interaction with water due 
to the three hydroxyl groups bound on the glucopyranose ring and strong hydrogen 
bonding is established between the hydrophilic groups and water molecules 
(Hatakeyama et al., 2000). However, the maximum amount of bound water restrained 
by natural cellulose fibers does not exceed 12 % on a wet weight basis and biodrying of 
paper fibres to less than 15 % can be achieved without vaporization of bound moisture. 
In addition, vaporization of bound water associated with cellulose fibres usually occurs 
at a temperature above 100 °C (Hatakeyama et al., 1998) and therefore, cannot be 
achieved during biodrying. Water that is bound in living tissues is released during 
decomposition of MSW and therefore, becomes unbound water (Mannaperuma et al., 
2000). The release of bound water is expected to facilitate both microbial acitivity and 
drying. Bound water that is released during decomposition will be available for 
microorganisms, resulting in higher microbial activity at limiting moisture contents. In 
addition, less energy is required for vaporization of unbound water compared to bound 
water. However, according to Mannaperuma et al. (2000) release of bound water from 
decomposition of MSW is minimal during the first 12-15 d of static pile composting. 
Conclusively, the amount of bound water in MSW is not expected to have a strong 
effect on microbial activity and dehydration rates during the biodrying process, which 
is considerably shorter compared to composting. 
3.4.1.3 Source of heat 
Over 85 % of the industrial dryers are of the convective type (direct) with hot air or 
direct combustion gases as the drying medium (Mujumdar, 2006). In this case hot air is 
used both to suppy the heat of evaporation and to carry away the evaporated moisture 
from the product. Although, direct dryers have simple designs, are relativel inexpensive 
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and ideal for drying non combustible materials such as clay and limestone they are 
subject to significant limitations when they are used for drying combustible materials 
(especially with low ignition temperature) such as sewage sludge or MSW. In the case 
of sewage sludge dryers the temperature of hot gasses typically do not exceed 100 °C to 
avoid the risk of fire. Given the small specific heat of air (-1 kJ kg' K-I) the amount of 
energy that can be transferred through a unit mass of hot air with temperature 100 °C is 
limited to approximately 100 Id kg-I. In addition, the temperature of the carrier gas, 
which is relatively low, drops even further from evaporative cooling and its moisture 
carrying capacity declines. To overcome these difficulties large volumes of air should 
be used. Under these circumstances the oxygen concentration within the dryer increases 
and so does the risk of fire. In addition, large volumes of air should be treated to avoid 
odour problems. 
Indirect dryers are subject to far less limitations compared to direct dryers and are more 
suitable for drying combustible materials. In these dryers the wet solid is heated by 
conduction with a heated surface and the carrier gas is heated by conduction with the 
hot wet solid. In this case air does not supply the heat for evaporation and therefore, the 
volume of the carrier gas is considerably smaller compared to direct dryers, resulting in 
smaller energy consumption, lower risk of fire and smaller volumes of exhaust gas to 
be treated. A biodrier is similar to some extent to an indirect dryer and has the same 
advantages compared to a direct dryer, since the carrier gas is heated by conduction 
with the self heated wet material. 
2.4.2. Drying Kinetics 
During drying of a wet solid under fixed drying conditions moisture content (X) 
decreases linearly with time (t) after an initial period of adjustment. This is followed by 
a non-linear decrease and after a long time the solid reaches its equilibrium moisture 
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R = rate of water evaporation in kg m-2 h-1 
A = evaporation area in m2 
MS = mass of bone dry solid in kg 
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A typical drying rate curve is shown in Figure 2.6. 
R, Drying rate, 
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Figure 2.6 Typical batch drying rate curve under constant drying 
conditions 
The constant rate period is governed fully by the rates of external heat and mass 
transfer since a film of free water is available at the evaporating surface. This drying 
period is nearly independent of the material being dried. The drying rate (R) begins to 
fall at the critical moisture content (X,) because the rate of water migration to the 
surface of the wet solid particles becomes lower than the rate of water evaporation at 
the constant drying rate period. The drying surface becomes first partially unsaturated 
and then fully unsaturated until it reaches the equilibrium moisture content X*. 
In the rotary composting and biodrying processes the particle size of the waste 
decreases due to physical agitation and microbial activity. Particles breakdown 
resulting from physical agitation in a rotary biodrying process accelerates the transfer 
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rate of water from inside the waste particles to the drying surface and therefore, the 
critical moisture content in a rotary biodrier will be lower compared to a static bay 
system. 
Clearly the rotary biodrying system is a very complex drying system since heat release 
is not constant during processing and depends on physical, biological and chemical 
factors. In addition, the characteristics of the material (particle size, geometry, surface 
to volume ratio, etc) change during processing. Obtaining fixed drying conditions is not 
possible especially in a pilot scale biodrying system. The kinetics of the process could 
be more easily examined in lab scale experiments and was out of the scope of the 
present PhD thesis due to inadequate control of the process at this scale of 
experimentation. 
2.5 Factors affecting microbial activity under aerobic conditions 
Microbial activity in the presence of oxygen depends on various factors. Oxygen 
concentration, temperature, moisture content, particle size, porosity, free airspace, C:N 
ratio and pH all have a significant effect on organic substrate utilization rates in both 
biodrying and composting systems. Each of these factors is described in the subsequent 
sections of the review. 
2.5.1. Oxygen and aeration 
Oxygen supply is essential to promote the growth of aerobic microorganisms. Oxygen 
is required as an electron acceptor during the oxidation of organic substrates and 
therefore the oxygen demand is greater at the beginning of aerobic decomposition of an 
organic material when substrate supply is at the highest. Biodegradation rate increases 
with increasing oxygen concentration in the interstitial air space from 5% to 10% 
(Nakasaki et al., 1990). If oxygen supply is inadequate and oxygen concentrations 
decrease below 5 % this can cause development of anaerobic conditions (Haug, 1993). 
Under these circumstances aerobic species can't survive and therefore, and the 
microbial community is restructured and colonized by anaerobic species. This causes 
temperature decline, since anaerobic decomposition is slower and considerably less 
exothermic compared to aerobic metabolism (Themelis and Hwan-Kim, 2002). In 
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addition, anaerobic degradation has II2S as an end product, which is toxic for many 
organisms that are important for composting such as fungi (EA, 2001). Other odorous 
intermediate metabolites such as lactic acid, are produced that accumulate and may 
inhibit the process. Beck Friis et al. (2003) found that adequate oxygen concentration 
within the interstitial air space of the composting matrix (above 6-7 %) is crucial for 
avoiding production and accumulation of short chain fatty acids that can cause 
acidification and process inhibition during food waste composting. In an adequately 
aerated composting matrix, these compounds undergo further degradation to form inert 
products (EA, 2001). Therefore, oxygen levels are important to avoid odour problems, 
and process inhibition during composting. Although there is no published data in the 
literature relevant to the effect of oxygen concentration on biodrying, this factor is 
crucial for aerobic microorganisms and therefore, should be an important parameter for 
both composting and biodrying treatment processes. 
2.5.2. Nutrients and C: N ratio 
Micro-organisms require nutrients to manufacture necessary compounds such as 
proteins, nucleic acids and lipids during anabolic processes (EA, 2001). Most of the 
organic materials contain large quantities of nutrients and the major substances that 
affect the rates of aerobic decomposition are carbon and nitrogen (Biowise, 2001). 
Carbon is the main energy source, whereas nitrogen is essential for protein synthesis. 
The C: N ratio should be between 25:1 —30:1 since micro-organisms require 25 times 
more carbon than nitrogen (Biowise, 2001). An optimum C:N ratio for composting of 
organic substrates equivalent to 30:1 is reported by a number of investigators in 
published literature (Haug, 1993; Tiquia and Tam, 2000; Komilis, 2004). If the C:N 
ratio of the organic substrate is smaller than 20, NH3 emissions increase considerably 
resulting in odour problems (Tiquia and Tam, 2000). On the other hand biodegradation 
rates decline considerably if the C:N ratio of the waste is above 40 (Haug, 1993; 
Tuomela et al., 2000). 
Other important nutrients for microbial acitivity during composting and biodrying are 
potassium and phosphorous (Haug, 1980). Brown et al. (1998) stated that the carbon to 
phosphorus ratio (C:P) is an important parameter during composting of MSW with high 
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paper content and an optimum C:P ratio equivalent to 120:1 was reported. According to 
Brown et al. (1998) P can be the limiting factor during composting of MSW with high 
paper content and co-composting of MSW with sewage sludge can alleviate this 
problem. 
2.5.3. PH 
The pH of the feedstock material is another important variable affecting microbial 
activity during aerobic decomposition and composting of biodegradable waste 
materials. The optimum pH for composting is in the range 6 to 8.5 (Haug, 1993; CA, 
2001). Typically the feedstock pH lies in this range and, as a consequence the pH value 
is not usually limiting to the composting process (CA, 2001). However, in municipal 
solid waste (MSW), acetic and lactic acids are produced during storage, and in source 
separated organic waste, especially food waste the rapid release of these acids can 
reduce the pH to 4-5 (Eklind et al., 1997), causing significant inhibition or even 
stagnation of microbial activity during the early stages of composting (Day et al., 1998; 
Schloss and Walker, 2000; Beck-Friis et al. 2001; Weppen, 2001; Sundberg et al., 
2004). During the initial stages of food waste composting, acidification problems can 
be alleviated by adapting a temperature control strategy in the mesophilic range 
because mesophilic microorganisms have greater tolerance of acid conditions than 
thermophiles (Sundberg et al., 2004). Initial pH inhibition can be also overcome 
through adjustment of the initial pH of the waste (Nakasaki et al., 1993; Sundberg et 
al., 2004). 
3.5.4. Moisture and free air space 
The composting or bio-drying matrix is a network of solid particles that contain voids 
and interstices of varying size, which are filled with air and water. If the voids are 
completely filled with water, oxygen transfer is greatly restricted and aerobic 
decomposition becomes impractical in the absence of constant agitation (Haug, 1993). 
However, moisture is essential for the metabolic activity of microorganisms. Most of 
the chemical reactions occur in a liquid matrix and water is also the major means of 
transport for nutrients and microorganisms (CA, 2001). Optimum moisture content for 
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decomposition of different substrates varies considerably from 25 % to 80 % (Mc 
Cartney and Tingley, 1998; Stentiford, 1996). However, moisture content between 50 
% and 60 % is usually reported as the optimum range for aerobic decomposition 
(Tiquia et al., 1996; Suler and Finstein, 1977). Biodegradation rates decline 
considerably under sub optimal moisture conditions and therefore moisture control is 
one of the key properties for successful composting (Liang et al., 2002; Rynk, 2000). 
Moisture content usually decreases during aerobic decomposition due to evaporation, 
and hence, the initial moisture content for composting must be above 40% (Haug, 
1980). Microbial activity is seriously inhibited at moisture content below 25 % and 
stops with a moisture content below 15 % (Schulze 1962; Jeris and Regan 1973). 
Monitoring and adjusting moisture content is essential during composting, since 
dehydration during the process may result in incomplete stabilization even with wet 
substrates with initial moisture content up to 60 % (Tiquia et al., 1996). Laboratory 
scale biodrying experiments with static systems (Adani et al., 2002; Sugni et al., 2005) 
showed that oxygen uptake and biodrying rate declines considerably when moisture 
content falls below 20-25 %. However, there is no information in the literature relevant 
to the effect of moisture content on biodrying rate in a continuously or semi-
continuously agitated system. 
2.5.5. Temperature 
Aerobic decomposition may occur either under thermophilic (above 40 °C) or 
mesophilic (10°-40°C) conditions (Biowise, 2001). Effective aerobic decomposition is 
achieved between 43° and 65° C. Under these conditions the rate of biodegradation is 
high and sanitization is effective (CA, 2001). Although the metabolic diversity is 
greater among mesophilic microorganisms and microbial community is more tolerant to 
potential inhibiting parameters such as pH (Sundberg et al., 2004), keeping the 
temperature within this range requires three-fold more air than maintaining the 
temperature at 55 °C, since the water holding capacity and therefore, the evaporative 
cooling capacity of air declines exponentially with temperature (Haug, 1993). It should 
be also noted, that the aeration requirements to support microbial growth is far less than 
those required for heat and moisture removal (Haug, 1993). In addition, human and 
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plant pathogens are killed at temperatures above 55 °C and even higher temperatures 
(>63 °C) are required to achieve effective destruction of weed seeds (CA, 2001). 
Therefore, keeping the temperature in the mesophilic range results in a poorly sanitized 
product (Vinneras and Johnson, 2005). 
The optimum temperature for composting reported in the literature varies considerably. 
Some researchers (e.g Waksman et al., 1939; Haug, 1993) state that optimum 
decomposition during composting is achieved at temperatures up to 65 °C. Bach et al 
(1984) measured the highest CO2 emissions during composting of sewage sludge when 
the biomass temperature was equivalent to 60 °C. Schulze (1962) observed that oxygen 
uptake increased linearly with temperature up to 70 °C during composting of municipal 
refuse. However, other investigators have found the optimum temperature for microbial 
activity was lower, or indeed much lower, compared to values in the upper thermophilic 
range. For example, McKinley and Vestal (1984) showed that the highest rates of 
microbial activity were present at temperatures below 50 °C during composting of 
sewage sludge. The optimum temperature for microbial activity increased with time of 
processing, but always remained below 50 °C. Bench scale studies of composting 
mixtures of sewages sludge and straw under controlled conditions, demonstrated that 
optimum microbial activity occurred at a temperature near to 45 °C (Walter et al., 
1989). Although there is extensive information in the literature on the effect of biomass 
temperature on composting processes the information on the effect of temperature on 
biodrying efficiency is fairly limited and contradicting. Nakasaki et al. (1987) claimed 
that optimum drying is achieved at 60 °C. However, other investigators (Adani et al., 
2002; Sugni et al., 2005) stated that the optimum biomass temperature for biodrying is 
45 °C. 
2.5.6. Inoculation 
Microbial concentration is another factor that affects the rate of aerobic decomposition. 
According to some researchers the rate of substrate utilization by microorganisms is 
linearly related to the microbial concentration (Haug, 1993). Laboratory scale 
composting experiments with cattle manure also indicated a linear relationship between 
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the concentration of microorganisms and 02 uptake (Whang and Meeneghan, 1980). 
Although inoculation with microorganisms increases the initial microbial concentration 
and could theoretically accelerate aerobic decomposition, there is disagreement in the 
literature regarding the effects of inoculation on the rate of the composting process. In 
most cases organic residuals contain sufficient number of microorganisms and 
inoculum addition is unnecessary. For example Gray et al. (1971) showed that there 
was no significant difference in composting times of greenwaste with and without 
inoculation to windrows. Other studies (Knuth, 1970) also indicated no effect of adding 
enrichment cultures of thermophilic microbes during the initial stages of composting. 
Finstein and Morris (1975) found no improvement of the composting process with the 
early introduction of actinomycetes to compost piles. Furthermore, inoculation had 
little effect on the microbial community structure of compost when the temperature of 
the process rose to the thermophilic range (Lei and VanderGheynst, 2000). 
However, other work (Tiquia et al., 1997; Bolta et al., 2003) suggested that inoculation 
may have a beneficial effect on the first thermophilic stage of the process, increasing 
decomposition rates. Wei et al. (2007) demonstrated that inoculation with ligno-
cellulolytic microorganisms improved the degree of humification and maturation in the 
composting process. Vargas-Garcia et al. (2006) also showed that, during windrow 
composting of pepper plant waste, lignin decomposition in the final product increased 
by 17-24 % when the heaps were inoculated with specific strains of microorganisms. A 
significant reduction in the maturation time of wheat-straw composting has also been 
observed after inoculation with microorganisms (Wani and Shinde, 1978). 
2.5.7. Particle size 
Decomposition of solid substrates occurs primarily on or near the surfaces of particles, 
where oxygen diffusion into the aqueous films covering the particle is adequate for 
aerobic metabolism, and the substrate itself is readily accessible to microorganisms and 
their extracellular enzymes. Microbial activity and substrate decomposition rates, 
therefore depend on the available surface area per unit volume of waste (Haug, 1993). 
The available surface area increases with decreasing particle size and thus, microbial 
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activity increases as the particle size of the waste is reduced, provided that other factors 
(e.g free air space and 02 concentration in the interstitial spaces) are not limiting. 
Research on anaerobic digestion demonstrated that decomposition rates continuously 
increase with decreasing particle size (Haug, 1980). This may not be true for a 
composting system where free air space is another important factor for successful 
aerobic decomposition. Free air space is positively correlated with the particle size of 
the material and oxygen transfer limitations may occur if the particle size of the waste 
is too small (Haug, 1993). For example Gray and Sherman (1970) showed that waste 
decomposition rate doubled with particle size reduced from 100 mm to 30 mm during 
windrow composting, but it declined when the particle size of the material dropped 
below this value. Gray et al. (1971) recommended a particle size of 13 to 76 mm, with 
the lower end of this scale suitable for forced aeration or continuously agitated systems, 
and the upper end for windrow or other passively aerated systems. Problems may also 
occur with very large waste particles. Apart from the small available surface area per 
unit volume of waste, anaerobic pockets can be formed inside large waste particles 
resulting in odor problems (Haug, 1993). Moisture retention is also affected by particle 
size and more moisture is retained within the interstitial spaces of smaller waste 
particles. However, moisture retention is higher in the inside of larger particles, since 
moisture inside smaller particles is more easily evaporated (Naylor, 1996). The effect 
of particle size on the composting process has been studied by a limited number of 
investigators. However, no information was found on the effect of this parameter on the 
biodrying process. 
2:5.8. Agitation and Mixing 
Microbial activity is also influenced from agitation and mixing frequency. Agitation 
during composting is an important factor for maintaining high microbial activity. 
Agitation facilitates the dispersion of microorganisms and also the physical breakdown 
of waste particles and thus, increases the available surface for microbial growth (CA, 
2001; Biowise, 2001; Haug, 1993). In addition, agitation facilitates nutrient and oxygen 
transport and also reduces spatial gradients of moisture and temperature, which are 
apparent in static or daily mixed in-vessel reactors (Walker et al., 1999). Mixing also 
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opens the matrix structure, so as to enhance aeration, and expose more surface area to 
fresh air entering an enclosed reactor. As a consequence mixing can accelerate the 
biodrying process and produce a more rapid decrease in the average moisture content of 
the organic matrix over time (Walker et al., 1999). Although accelerated drying due to 
mixing is not desirable during composting this is favorable for biodrying. Agitation in 
composting systems can be either continuous or periodic (Juniper 2005, Biowise 2001). 
According to Miller (1989) agitated composting systems are less susceptible to 
moisture limitations, since agitation facilitates nutrient transport and dispersion of 
microorganisms that are both restricted in a dry composting matrix. 
2.6 Thermodynamics of composting and biodrying 
2.6.1 Estimating heat generation during aerobic decomposition 
During the aerobic decomposition of organic substrates, the chemical energy in the 
material is either released as heat or used for the construction of new substances within 
the organisms consuming the organic material. A large proportion is released as heat, 
which can be quantified calorimetrically through indirect measurement methods. 
Weppen (2001) measured an average heat release equivalent to 15,000-20,000 kJ kg -I 
of organic matter (OM) decomposed, during composting of MSW with wood chips. 
Themelis and Hwan-Kim (2002) suggested that heat release from decomposition of 
biogredable municipal waste is approximately, 17,500 kJ kg-1 OM, which is similar to 
the findings of Weppen (2001). The latent heat of water evaporation is equivalent to 
2,257 kJ kg-1, and therefore, decomposition of 1 kg of organic substrate provides 
adequate energy to evaporate 7-9 kg of water. Sesay et al. (1998) showed that dry 
solids decomposition rate (DSDR) during the initial stages of MSW composting can be 
up to 60 g kg-id-I . In 1 t of biodegradable waste with dry solids content equivalent to 60 
%, 36 kg of dry OM could be decomposed in one day releasing 540-720 MJ, which 
provides adequate energy to evaporate approximately 240-320 kg of water. Based on 
the above figures moisture content of the waste could drop to less than 15 % in less 
than 1 d, with a dry matter loss less than 7.5 %. However, metabolic activity declines 
considerably at limiting moisture contents and biodrying rate becomes considerably 
slower (Adani et al., 2002). In addition, some of the heat generated from decomposition 
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is lost through other mechanisms (Section 2.5.2) and not utilized for evaporation (Haug, 
1993). 
The heat released from decomposition of OM during composting can be estimated by 
the dry OM loss, feedstock calorific value and the calorific value of compost. However, 
organic wastes are usually very heterogeneous and therefore, estimating heats of 
reactions from standard enthalpy tables can be problematic. Calorimetry is the most 
widely adopted approach to determine the energy content of organic substrates and is a 
suitable technique when the composition of the material is poorly characterized or 
uncertain. 
In the case of the bomb calorimeter the volume of the system is constant and no work 
of expansion or contraction can be performed. Therefore, according to the first law of 
thermodynamics (dq = dE + w) heat released through combustion is equivalent to the 
change of the internal energy (AE) within the system, which can be calculated with 
equation (3.1). 
AE = rnc,AT = mc, (T, —T1 ) 	 (2.2) 
Where: 
AE = change of the internal energy within the system in J 
c,, = specific heat of the material comprising the system that is heated from TI to T2 
under conditions of constant volume in kJ kg-1 K-1; 
in= mass of material in kg with specific heat cv;  
T1, T2 = initial and final temperature of the material in K with mass m and specific heat 
Heats of reaction for organic waste can also be approximated, indirectly, from the 
volatile solids content. For example, Fair et al, (1968) showed that the calorific value of 
sewage sludge can be estimated from equation: 
Q = a[Pv (100)I(100— Pc ) — b][(100 — Pc )1100] 	 (2.3) 
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Where: 
Q = calorific value, kJ kg-1 DS 
a = coefficient equal to 131 for raw and digested primary sludge, 107 for raw waste 
activated sludge 
b= coefficient equal to 10 for raw and digested primary sludge, 5 for raw waste 
activated sludge 
P, = percent volatile solids in sludge 
Pc = percent of inorganic conditioning chemical in sludge 
DS = dry solids 
However, this relationship only applies to a specific substrate (sewage sludge) of 
relatively homogeneous composition. Volatile solids of heterogeneous wastes are not 
directly related to the calorific value since the volatile component varies considerably 
depending on the proportions of carbohydrates, proteins, lipids and hydrocarbons 
present in the waste (Themelis, 2002). 
It is also possible to estimate gross heating values of organic waste based on a 
compositional analysis of the feed composition. Spoehr and Milner (1949) related the 
calorific value of waste to the degree of reduction of the organic matter as shown in 
equation 3.3. This is a rational approach since chemically reduced compounds, such as 
lipids and hydrocarbons, have considerably higher calorific value compared to more 
oxidized compounds, such as carbohydrates. 
Q =127R + 400 	 (2.4) 
R .100[2.66(C) + 7.94(H) — (0)11398.9 	 (2.5) 
Where: 
Q = calorific value, kJ kg-1 DS 
(C), (H), (0) = weight percentage of carbon, hydrogen and oxygen, respectively on an 
ash free basis. 
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R = degree of reduction of organic matter 
The Dulong formula (Corey, 1969) can be also used to estimate the heat of 
biodegradation of organic matter after compositional analysis of the waste. 
Determination of the weight percentage of carbon, hydrogen, oxygen and sulfur is 
required to apply the Dulong formula, shown below: 
Q = 145.4(C) + 620[H — 0 / 8] + 41(S) 	 (2.6) 
Q= calorific value, Id kg-IDS 
(C), (H), (0), (S) = weight percentage of carbon, hydrogen, oxygen and sulfur, 
respectively on an ash free basis. 
Although the above formulas provide a good approximation of the calorific value of 
organic waste based on their composition analysis, this requires expensive and 
specialized analytical techniques that are unlikely to be available at a composting plant. 
Alternatively, the calorific value of organic matter can be estimated from its Chemical 
Oxygen Demand (COD). The COD test is routinely practiced by many laboratories and 
allows an easy and inexpensive approximation of the calorific value of organic matter. 
2.6.2. Mechanisms of heat transfer in a composting system 
The heat produced during aerobic decomposition can either remain in the waste or 
dissipate through various mechanisms that are described in the following paragraphs. 
Mass and energy are both conserved and therefore, balances can be set up. Several 
models have been proposed for the thermal balances of the composting process 
including lumped models assuming homogeneous temperature within the composting 
matrix (Bach et al., 1987; Haug, 1993) and models considering temperature gradients 
within a multilayered composting matrix (Stombaugh and Nokes, 1996; Bari and 
Koenig, 2000; Seki, 2002). 
According to Haug, 1993 the energy, Q„„ for heating of the composting mass, is 
calculated as: 
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Q. = AT(c 	+ c ,ms ) 	 (2.7) 
Where: 
AT = temperature change 
mw, ms = masses of water and solids respectively in kg 
cpw, cps- specific heats of water and solids respectively in J g' K-1  
The heat capacity of water, cpw is equivalent to cpw = 4.2 J g' K-1. However, cps  
depends on the solids composition and is normally in the range 0.5-2.0 J g' K-1 (Haug, 
1993). Specific heat of water is 2 to 4 times higher compared to the specific heat of dry 
organic matter and, therefore, the specific heat of a composting feedstock increases 
considerably with increasing moisture content. As a consequence self-heating of the 
composting matrix becomes slower with increasing moisture content of the feedstock 
(Haug, 1993) and therefore, higher processing times might be required to achieve 
efficient pathogen destruction. 
Most of the heat generated during aerobic decomposition is dissipated from the 
composting or biodrying matrix to avoid high temperatures limiting microbial activity 
(Section 3.4.5). The decomposition of 1 g of organic matter generates enough energy to 
heat 35-40 g of water to 100 °C. Heat can escape from the biodrying or composting 
matrix by conduction, radiation or convection. Conductive heat losses are calculated 
using equation 3.7 (Haug, 1993): 
AT 
Qcd 	kA— .At (2.8) 
Where: 
k = thermal conductivity of the material in kJ m-2 IC' 
A = surface area in m2 
AT = temperature difference in K between the composting matrix and the ambient 
environment 
At = time in s 
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Ax = the length of the flowpath 
The conductive heat losses [(Qcd = kA(AT / Ax)At ); Haug, 1993] during the biodrying 
or composting process depends on: (1) the thermal conductivity of the waste and the 
thermal conductivity (k) of the reactors shell (in enclosed systems), (2) the surface area 
of the waste mass (A), (3) the thermal gradient between the biodrying matrix and the 
ambient environment (AT/Ax), and (4) time within this thermal gradient is applied (At). 
The thermal conductivity of the waste increases linearly with moisture content and 
therefore more heat is lost by conduction if the moisture content of the composted 
material is higher (Haug, 1980; Mears, 1985; Haug, 1993; Klejment and Rosinski, 
2008). Therefore, during biodrying higher thermal efficiency could be achieved if the 
initial moisture of the waste was adjusted to lower values. Mixing also increases the 
average thermal gradient (AT/Ax) between the composting matrix and the ambient 
environment, since waste at higher temperature from the centre is exposed to the 
surface of the composting mass. Thermal losses also depend on time and therefore, heat 
losses decline with declining processing time if the thermal gradient between the 
biodrying or composting matrix and the ambient environment remains constant (e.g 
under steady temperature conditions). 
Surface cooling by conduction is important in small-scale composting (Weppen, 2001; 
Haug, 1993; Klejment and Rosinski, 2008). In small composts, up to a few cubic 
meters, insulation is therefore, often needed to obtain the elevated temperatures 
required for sanitization. Larger composts have a smaller surface to volume ratio and 
surface cooling is less significant. The effect of surface cooling is further limited by the 
low thermal conductivity of composts (Weppen, 2001). 
The major heat transfer process in large scale composting systems is by airflow 
(Weppen, 2001). Both sensible heat of dry air and latent heat from water evaporation 
account for this heat transport. The water carrying capacity per volume of air increases 
exponentially with temperature, and therefore the evaporative cooling capacity per 
volume of air is larger at higher temperatures. The heat removal by heating of dry air, 
Qda, is calculated as: 
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Q a = C mapa  (Tout — To?) 	 (2.9) 
Where: 
cpa = the specific heat of dry air 
ma = the mass of the air 
Tin, Tout = the input and output air temperatures 
Evaporation of water removes significant amounts of heat during aerobic 
decomposition equivalent to: 
Q. = c peme,th (Tour — Tth ) + AH,.(me,„u,mein ) 
Where: 
cpe = specific heat of steam in J kg-1 K-1  
Me,in ,flie,out = mass of steam in the incoming and outgoing air in kg 
ilHvap = enthalpy of vaporization (latent heat of vaporization) at Tout  
(2.10) 
In industrial composting systems water vaporization accounts for approximately 90 % 
of the heat losses from the composting matrix (Weppen, 2001). Therefore, in industrial 
scale application the biodrying process will be faster due to improved thermal 
efficiency. 
Radiation from the surface of the material undergoing aerobic decomposition is another 
mechanism of heat transfer (Haug, 1993). Heat losses through radiation are given by 
the Stefan-Boltzmann equation: 
Q rad 0-A(ra41 —Ta4 2 )F o Fe At 	 (2.11) 
Where 
cr = Stefan-Boltzmannn constant, 4.87x10-8 kcal m-2 K-4 
A = surface area of a body with temperature Tai in m2 
Fa = configuration factor to account for the relative position and geometry of the bodies 
(0-1) 
Fe= emissivity factor to account for nonblack-body radiation (0-1) 
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Tai, Ta2 = absolute temperature of bodies A and B (e. g A ambient temperature, B 
temperature at the surface of the compost) 
At = time in h 
Radiant heat losses [( Qrad = crA(Ta4, — T:(2 )Fa Fe At ); Haug, 1993] from the surface of a 
compost heap depend on: (1) the temperature difference between the surface of the 
heap (Tai) and the ambient environment (Ta2), (2) the Stefan Boltzman constant, (3) 
emissivity factor (Fe ), (4) configuration factor (Fe ) , (5) surface area of the windrow, 
static pile or in the case of an enclosed reactor, the outer surface of the reactor and (6) 
time (dt ) within this temperature difference is present. Ideal radiators emit radiant 
energy at a rate proportional to the fourth power of the absolute temperature. As a result 
radiant energy losses become much more significant at higher biomass temperatures 
during composting. Radiant heat losses are also proportional to the surface area of the 
heated body. Surface to volume ratio decreases with increasing volume and therefore, 
radiant heat losses are most important at small scale composting (Haug, 1993). 
2.7 Conclusive summary 
MBT technologies focusing on SRF production through biodrying processes are 
gaining increased interest in the EU. Energy recovery from the biodegradable fraction 
of MSW could assist EU MS to meet the targets of a number of EU Directives such as 
the Landfill Directive (CEC, 1999), the Directive for the Promotion of Electricity from 
Renewable Energy Sources (CEC, 2001) and the targets set by Council Decision 
2002/358/EC approving the Kyoto Protocol. SRF is currently being utilized in the 
cement industry; to a lesser extent in the power generation industry and other industrial 
manufacturing processes, such as the paper and pulp industry. Legal and technical 
issues limit the amount of SRF that is currently utilized in the power generation sector, 
whereas competition with other alternative fuels restricts the quantities of SRF co-
combusted in cement kilns. Indirect co-combustion through gasification or pyrolysis is 
subject to considerably less technical and legal constraints but these technologies are 
not commercially fully proven. The demand for SRF is expected to increase in the near 
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future, due to increasing pressure on the industrial sector to reduce CO2 emissions and 
the rising prices of fossil fuels. 
Although there is extensive information in published literature relevant to optimization 
and control of composting processes, biodrying is a relatively new concept and 
published information on the kinetics and optimum conditions for the process is fairly 
limited. Existing MBT technologies rely on a similar simple design, e.g biodrying 
coarsely shredded mixed MSW in static systems followed by mechanical post refining 
to recover metals and an SRF product. However, biodrying in static systems results in 
an output with heterogeneous moisture content due to the development of moisture 
gradients within the biodrying matrix. In addition, the retention time required for 
biodrying in a static system is 7-15 days. Biodrying in rotary drum reactors has not 
been investigated by any other researchers and this could provide an advanced 
alternative compared to existing biodrying systems, by increasing the homogeneity of 
the biodried output and minimizing the required retention time. The rotary biodrying 
process was therefore investigated within the framework of this PhD thesis to develop 





The principal aim of this project was to optimize the rotary biodrying of biodegradable 
municipal solid waste (MSW) to produce solid recovered fuel (SRF) as an alternative 
energy source for industrial applications, including cement manufacture. This was 
approached by maximising: 
1. microbial activity especially at limiting moisture contents, and 
2. the thermal efficiency of the biodrying process through minimization of the 
conductive and radiant heat losses from the surface of the rotary drum reactor. 
A further aim was to evaluate the potential of the rotary biodrying process as an 
alternative to existing static bay biodrying technologies for SRF production. 
The main objectives of this thesis were therefore to identify the influence of the 
following key parameters on biodrying rates and the quality of SRF generated in a 
semi-industrial scale rotary drum bioreactor using a batch process: 
1. feedstock characteristics (C:N ratio, free air space, moisture content, pH) 
2. waste mixing regime (continuous mixing with different drum rotation speeds and 
semi-continuous with different frequencies), 
3. biomass temperature, 
4. airflow rate. 




MATERIALS AND METHODS 
4.1  Bioreactor design and operation 
Bio-drying trials were conducted using a rotary drum bio-reactor with a capacity of 9 
m3 (dimensions: 3 m length, 2 m diameter). The entire drum and rotation mechanism 
were mounted into an industrial container, with dimensions 4m x 3m x 2.5m (Figure 
4.1). The bio-reactor was originally designed for composting olive stone and was 
modified and repaired extensively for the programme of experimental trials on 
biodrying MSW in this thesis. 
Figure 4.1. Pilot rotary drum reactor used for the biodrying 
experiments 
The rotary drum was lying on 4 pairs of teflon rollers and 2 of those, arranged in 
parallel configuration, were connected to a rotating 50 mm solid steel axle for setting 
the drum on motion. Rotation of the drum was achieved through 5 kW motor (M1) 
connected with the 50 mm axle with a pair of chain sprockets (Figure 4.2). 
M1 was connected to a frequency controller and therefore, drum rotation speed could 
be varied within the range 0.2-1 rpm. Airflow was injected inside the rotary drum 
through a system of two fans. The small fan (0.5 kW) provided constant airflow 
equivalent to 30 m3 11-1 to support respiration. The large fan (1.5 kW) was connected to 
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a speed controller and airflow could be controlled within the range 40 m3 11-1 to 300 m3 
11 . Airflow was monitored through a portable airflow meter (CFM, 2000). The rotary 
drum reactor was mounted on load cells and the waste load inside the drum could be 
continuously monitored. Three temperature sensors were also installed to monitor the 
temperature of air entering and leaving the rotary drum and the inside temperature of 
the rotary drum reactor. The load cells and temperature sensors were connected to a 
programmable logic controller [(PLC); Visilogic, 2000] to enable data logging. 
However, after the first four experiments the large aeration fan and the rotation motor 
were also connected to the PLC and therefore, rotation and aeration for temperature 
control could function either on a time basis or with temperature feedback. 
Figure 4.2 Drum rotation mechanism 
Four access hatches were provided (50 x 60 cm) in the wall of the bio-reactor. These 
were fitted with a door that could be rapidly detached. The outer surface of the reactor 
including the non cylindrical wall ends of the drum and access points were fitted with 
thermal insulation to reduce heat losses from the outer surface of the drum. The surface 
and end areas of the drum were insulated with 40 mm glass wool and covers 
constructed from 30 mm thickness of polystyrene were used to insulate access hatches. 
A simple tray was also designed and manufactured for unloading the material from the 
bioreactor. A long handled space was used to remove the material from inside the tray. 
4.2. Experimental design 
A total number of 24 bio-drying trials were conducted using approximately 1 t of 
material in each case (Table 4.1). The trials were separated into 4 different sets. In the 
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first set of trials (Trials Al, Bl, Cl, D1, El, F1, Gl, H1) the effects of pH and biomass 
temperature on bio-drying rates were examined. The second set of trials (Trials A2, B2, 
C2) investigated a novel biodrying strategy using heating and cooling cycles that 
maintained the temperature within a defined range with maximum and minimum 
predetermined values. The effect of agitation on the biodrying process was examined 
in the third set of trials by 4 manually (A3, B3, C3, D3) and 4 automatically controlled 
experiments (E3, F3, G3, 113). The optimum temperature regime defined in the second 
set of trials was adopted in the automatically controlled trials (E3, F3, G3, 113). In the 
last set of trials (A4, B4, C4, D4, E4) the effect of waste composition was investigated 
using the optimum agitation and temperature regimes defined in the previous sets of 
experiments. 
4.2.1 Feedstock sampling 
MSW consists of a wide range of materials that vary depending on the communitiy and 
its consumer's income and lifestyles, its degree of industrialization, institutionalism and 
commercialism. In addition, MSW composition is subject to seasonal variation (Emery 
et al., 2003). Obtaining representative samples from MSW is therefore, not 
straightforward and several protocols have been proposed for estimating MSW 
composition in an area. 
One of the most accurate characterization methods of waste composition is direct 
sampling (MEL, 1996). Direct sampling is useful on small scale for obtaining 
information about MSW composition and this involves physically sampling and sorting 
MSW at the source of generation. Sampling in several randomly selected locations 
within the community is necessary to obtain a representative average MSW 
composition. In addition waste sampling from single and multi-family homes, 
commercial establishements and institutions is encourages as thes inputs create local 
variations. Alternatively waste can be sampled after it has arrived at a centralized 
collection point or a tipping area such as a transfer station or disposal facility. ASTM 
Method D5231-92 (ASTM, 1998) calls of a sample size of 91-136 kg to be manually 
sorted at the disposal facility. Although, according to ASTM a sample size of 91-136 
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kg is representative of the waste transferred to a disposal facility in one day several 
samples should be tested to assess the average MSW composition. The number of 
samples will depend on the variability of MSW and standard deviations in the 
proportions of the different MSW constituents (MEL, 1996). One disadvantage of 
direct sampling is that data maybe misleading if unexpected circumstances occurred 
during the sampling period such as the seasonal delivery of infrequent and exotic waste. 
Sampling over a long period of time is also necessary to provide information about 
seasonal trends (MEL, 1996). 
Assessing material flows is another approach for determining waste composition (MEL, 
1996). The methodology is based on production data for materials and products in the 
waste stream. For a particular municipality inputs and outputs are recorded and 
compared. For example if a particular municipality purchases 100, 000 plastic bottles it 
can be expected that about 100, 000 bottles will end up in the waste stream. However, 
as far as the biodegradable food waste fraction is concerned estimating waste 
generation from food consumption is not practical (Pitchel, 2005). Food waste disposal 
will also depend on the dietary behaviour of the citizens (Skourides et al., 2008) 
Obtaining representative and consistent samples from MSW for the biodrying 
experiments was not possible due to the large number of trials and large quantity of 
material used for each trial. Therefore, a surrogate feedstock representative of the 
average biodegradable municipal solid waste (BMSW) composition in Cyprus was 
obtained by blending different constituents of BMSW at a suitable ratio. In the first 3 
sets of trials, mixed waste, with a high content of biodegradable food waste, were 
collected from 6 commercial restaurant establishments. Non-biodegradable material 
was removed and the waste was shredded manually to reduce the particle size of larger 
pieces (>100 mm) before loaded to the rotary drum reactor. Shredded mixed paper and 
bio-dried product were also added to achieve the following waste composition: 60 % 
food waste, 30 % paper, 10 % recycled bio-dried product. This was a good 
approximation of the average composition of the biodegradable fraction of MSW in 
Cyprus based on the analysis of Carl Bro and NV consultants (1993) and this was also 
demonstrated in the last set of experiments (see Chapter 8). The bio-dried material was 
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added as microbial inocculum and also to increase the initial dry solids of the feedstock 
to a value near 60 %. A feedstock with variable composition was supplied to the drum 
in the final series of experiments (Table 4.1). 
4.2.2 Preliminary trials  
Before commencing the different sets of trials short preliminary trials were conducted 
with variable temperature conditions to determine the required airflows for temperature 
control and dehydration. The RH of the inlet and outlet air were monitored during this 
preliminary trials and water removal rates at different biomass temperatures were 
determined based on the RH and temperature of the inlet and outlet air. The 
temperature feedback aeration control system operated in an on and off mode due to the 
lack of inverter for automatic control of airflow. Based on the temperature and RH 
measurements a high airflow equivalent to 120 m3 If' was selected to ensure adequate 
evaporative cooling capacity for controlling the temperature at the minimum biomass 
temperature value (35 °C) and avoiding drying limitations due to inadequate moisture 
carrying capacity of the outlet air. A small fan also operated continuously for 
supporting aerobic respiration and a suitable low airflow (30 m3 III) was selected based 
on oxygen consumption rates to avoid oxygen limitations. 
4.2.3. Temperature and pH 
The inhibition of microbial activity has been frequently reported due declining pH 
conditions in the initial stages of composting food waste (Day et al., 1998; Schloss and 
Walker, 2000; Sundberg et al., 2004). The combined effects of acidification and 
temperature on bio-drying rates were examined by 8 bio-drying experiments [(Al, B1, 
C1, D1, El, F1, Gl, H1), (Table 4.1)]. In this set of trials drum rotation was semi-
continuous with 10 minute agitation sequences followed by a static period for 1 h. The 
duration of each agitation sequence was extended when the temperature inside the drum 
exceeded a predetermined ceiling set-point value. A continuous, low airflow rate, 
equivalent to 30 m-3 	supported aerobic respiration during static periods. 
Periodic high airflows, equivalent to120 m3 h-I , were supplied during extended 
agitation sequences to facilitate cooling to the set point temperature value. In trials Al, 
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B 1, C 1 and D I biomass temperature was maintained near 60, 50, 45 and 40 °C, 
respectively, without adjusting the initial pH of the feedstock. The same biomass 
temperatures were applied in trials El, F1, G1 and H1 but the pH of the feedstock 
material was adjusted to neutral by addition of NaOH crystals. The required quantity of 
NaOH to adjust the pH was determined by taking a 5 kg sample from the feedstock 
material supplied to each of the trials El, F 1, G1 and Hl. The material was placed to a 
large container and 25 1 of water were added. The material was mixed with the water 
for 1 h. NaOH was added to the container and mixed thoroughly until the target value 
(7) was reached. The pH of the mixture was measured using a portable pH probe and 
meter (Hanna HI 9829). The amount of NaOH required to adjust the pH of 1 t of 
material to the target value was calculated and this quantity was added gradually to the 
rotary drum after loading the feedstock. The total quantity of NaOH was added to the 
feedstock material in a 1 h period when agitation was continuous with a rotation speed 
equivalent to 1 rpm. The material was agitated for a further two h after adding the 
NaOH to ensure complete mixing of the chemical with the feedstock material. 
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Table 4.1 Fundamental conditions applied in the experimental trials 
Trial Biomass temperature 
(°C) 
Agitation Waste composition Airflow 
(m3 h-1) 
pH 
Al 60 10 min every 1.2 h standard low 30, high 120 no adjustment 
Bl 50 10 min every 1.2 h standard low 30, high 120 no adjustment 
no adjustment C1 45 10 min every 1.2 h standard low 30, high 120 
D1 40 10 min every 1.2 h standard low 30, high 120 no adjustment 
El 60 10 min every 1.2 h standard low 30, high 120 adjusted to 7 
Fl 50 10 min every 1.2 h standard low 30, high 120 adjusted to 7 
G1 45 10 min every 1.2 h standard low 30, high 120 adjusted to 7 
H1 40 10 min every 1.2 h standard low 30, high 120 adjusted to 7 
A2 55-60 10 min every 2.2 h standard low 30, high 120 no adjustment 
B2 40-50 10 min every 2.2 h standard low 30, high 120 no adjustment 
C2 35-45 10 min every 2.2 h standard low 30, high 120 no adjustment 
A3 minimum 45 1 time per day standard low 30, high 120 no adjustment 
B3 minimum 45 3 times per day standard low 30, high 120 no adjustment 
C3 uncontrolled continuous 0.5 rpm standard* 60 no adjustment 
D3 uncontrolled continuous 1 rpm standard 60 no adjustment 
E3 35-45 10 min every 5.2 h standard low 30, high 120 no adjustment 
F3 35-45 10 min every 3.2 h standard low 30, high 120 no adjustment 
G3 35-45 10 min every 1.2 h standard low 30, high 120 no adjustment 
H3 35-45 continuous 0.5 rpm standard low 30, high 120 no adjustment 
A4 35-45 10 min every 1.2 h 90 % mixed shredded MSW/ 10 % biodried product low 30, high 120 no adjustment 
B4 35-45 10 min every 1.2 h 50 % food waste/ 20 % paper/ 20 % yard trimmings/ 10 % biodried product low 30, high 120 no adjustment 
C4 35-45 10 min every 1.2 h 40% food waste/ 20% sewage sludge/ 30% paper/ 10% biodried product low 30, high 120 no adjustment 
D4 35-45 10 min every 1.2 h 
60% food waste/ 30% seaweed/ 10% 
biodried product low 30, high 120 no adjustment 
E4 35-45 10 min every 1.2 h 70 % food waste/ 40 % paper low 30, high 120 no adjustment 
* Standard feedstock composition: 60 % food waste, 30 % paper, 10 % bio-dried recycled product 
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4.2.4. Heating and cooling cycles 
During composting microbial activity is inhibited by limiting moisture contents 
(Schulze, 1962; Jeris and Regan 1973; Haug 1993, CA, 2001; Adani et al., 2002). A 
heating and cooling cycle strategy was investigated as a mean to alleviate moisture 
limitations during bio-drying and accelerate the biodrying process. During the above 
trials (A2, B2, C2), biomass temperature was not steady and was controlled between a 
lower and an upper predetermined value in a heating and cooling cycle regime. Each 
heating cycle comprised of a number of static periods and short agitation sequences 
when the biomass temperature increased from the minimum pre-determined value to 
the maximum temperature value (Table 4.1). The short duration agitation sequences 
were applied, to avoid temperature gradients and ensure adequate aeration of the 
feedstock material, without causing excessive heat losses. Low airflows (30 m311-1) were 
applied during heating cycles to support aerobic respiration, without causing significant 
drying of the material and inhibition of microbial activity due to moisture limitations. 
The mean temperature inside the bio-reactor was recorded after each agitation sequence 
and a cooling cycle was applied when the recorded temperature exceeded a pre-
determined maximum value. During the cooling cycle, the agitation sequences were 
extended with simultaneous application of high airflows to reduce the biomass 
temperature to the pre-determined minimum value. The aim of the cooling cycle was to 
efficiently utilize the metabolically generated heat that was stored in the waste during 
the heating cycles, to dry the biomass content. 
Three biodrying experiments were conducted during the second set of trials (A2, B2, 
C2). In Trial A2, the heating cycles comprised of 2-h static periods followed by 10 
minute agitation sequences with a rotation speed of the drum equivalent to 0.5 rpm. 
During heating cycles airflow entering the drum was equivalent to 30 m3 111. On the 
other hand continuous agitation at 0.5 rpm and airflow equivalent to 120 m3 h-1 were 
applied during cooling cycles. Biomass temperature was controlled within the range 55-
60 °C. The average temperature within the rotary drum reactor was recorded after each 
10 min agitation sequence by the PLC. A cooling cycle was initiated when the biomass 
temperature recorded after an agitation sequence exceeded the predetermined maximum 
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value of 60 °C. In these cases the duration of the agitation sequences was extended 
beyond the 10 min period and increased airflow (120 m3111) was applied until 
temperature decreased to the minimum set point value of 55 °C. The duration of each 
cooling cycle was therefore, variable and depended on the time required to cool the 
waste from the maximum to the minimum predetermined temperature value. A similar 
agitation and airflow regime was applied during trials B2 and C2 but the biomass 
temperature was maintained within the ranges 40-50 °C and 35-45 °C, respectively. 
4.2.5. Agitation 
Agitation and turning are important for adequate aeration of solid waste to maintain 
optimum rates of microbial activity (Haug 1993, Chang et al., 2006). The effect of this 
parameter on microbial activity and composting processes was described in Section 
3.4.8. In the third set of trials the effect of agitation was examined by 4 manually and 4 
automatically controlled experiments. In trials A3 and B3, a continuous low airflow 
rate (30 m3 If') supported aerobic respiration without agitation. Agitation with high 
airflow (120 m3 11-1), was supplied once on each day at 14:00, and 3 times per day at 
11:00, 15:00 and 18:00, respectively for a variable period until temperature decreased 
to 45 °C. During trials A3 and D3 agitation of the material was applied only during day 
time when the ambient temperature was higher to minimize radiant heat losses from the 
surface of the drum and also sensible heat losses due to the cold air entering the bio-
reactor at night (see Section 2.5). During Trial C3 the material was continuously 
agitated with a rotation speed equivalent to 0.5 rpm. A steady airflow equivalent to 60 
m3 ICI was applied during the whole processing time. The same airflow and continuous 
mixing were also applied during Trial D3, but here the rotation speed was increased and 
equivalent to 1 rpm. 
In the automatically controlled experiments (E3, F3, G3, H3) temperature was 
controlled within the optimum range (35 °C-45 °C) defined in the second set of trials 
(see Chapter 6) using the heating and cooling cycles strategy described in Section 4.4.2. 
The airflow regime during the above trials was similar to the second set of trials with a 
low airflow equivalent to 30 m3 	applied during heating cycles and a much higher 
airflow equivalent to 120 m3 h4 applied during the cooling cycles. In trials E3, F3 and 
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G3, static periods were followed by 10 minute agitation sequences (with drum rotation 
speed equivalent to 0.5 rpm) that were extended when the biomass temperature 
exceeded 45 °C to cool down the material to 35 °C. However, the duration of the static 
periods was different, and equivalent to 5 h, 3 h and 1 h in trials E3, F3 and G3, 
respectively. In Trial H3 the material was continuously agitated at 0.5 rpm. 
4.2.6. Feedstock composition 
During the final set of trials (A4, B4, C4, D4) the optimum temperature and agitation 
regime defined in the 2nd and 3rd set of trials, respectively were applied to investigate 
biodrying of different feedstock compositions. The different feedstocks examined are 
listed below: Trial A4- 90 % shredded residual MSW, 10 % biodried product; Trial B4-
50 % food waste, 20 % paper, 20 % yard trimmings, 10 % biodried product; Trial C4-
40 % food waste, 20 % sewage sludge, 30 % paper, 10 % biodried product; Trial D4-
60 % food waste, 30 % seaweed (Posidonia oceanica), 10 % biodried product; Trial 
E4: 70 % food waste, 30 % paper (no recycled material); 
In Trial A4 residual MSW were shredded to a size < 80 mm after removing bulky items 
through manual hand picking. Residual MSW comprised of approximately 70 % 
biodegradable material (mainly food waste and waste paper). 
In Trial B4 woody trimmings shredded to a size less than 80 mm were added to the 
feedstock. Although woody trimmings are collected separately in Cyprus they are sent 
to landfill, since no composting is currently practiced on the island (Papastylianou, 
2005). Composting of tree and shrub trimmings is a successful and widely practiced 
method (CA, 2001; Alkoaik and Ghally, 2006) but biodrying of woody trimmings with 
MSW has not been investigated as an alternative treatment option. 
Paper is abundant in the residual MSW in Cyprus. However, the quantities of paper in 
this wastestream are expected to decline due to increasing source separation and 
recycling (Carl Bro Environment & NV Consultants, 1993). The possibility of utilizing 
the mediterranean sea grass Posidonia oceanica as a carbon source and bulking agent 
alternative to waste paper during the rotary bio-drying process was investigated in Trial 
D4. Significant quantities of the residues of this plant are collected from the seashores 
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in the Mediterranean Sea and disposed to landfill (Cocozza et al., 2008). Composting 
can be a successful treatment method for treating this waste converting it to a high 
quality soil conditioner (Cocozza et al., 2008; Orquin et al., 2001). However, biodrying 
experiments of Posidonia oceanica are not reported in the literature. 
In Trial C4 dewatered, partially digested sewage sludge (stored for a period of 5-6 
months) collected from a nearby wastewater treatment plant was added to the 
feedstock. Sewage sludge is an important source of nitrogen and phosphorus and 
successful co-composting of MSW with sewage sludge is reported in the literature 
(Vashi and Shah, 2003; Juniper, 2005; Yanjun et al., 2008). However, biodrying 
experiments of MSW with sewage sludge have not been previously conducted by any 
other researcher. 
Bio-dried product was recycled during all of the experiments conducted in the 1st, 2nd 
and 3rd set of Trials. The effect of inoculation on the composting process has been 
investigated by various researchers (see Section 2.4.6) but the effect of inoculating the 
feedstock through product recycling during biodrying has not been determined by any 
study. Addition of a starting culture of conditioned microorganisms is identified as an 
important factor during the initial phase of food waste composting (Sundberg et al., 
2004). In this set of trials one experiment (E4) was conducted without product 
recycling to investigate the influence of this practice on the rotary biodrying process. 
4.3 Process Monitoring 
Microbial activity was monitored during the bio-drying process by three methods. 
Firstly the dry solids decomposition rate (DSDR) was used as a measure of microbial 
activity. The wet mass inside the reactor was recorded every h by the PLC from the 
integral load cell system and samples were physically collected (see Section 4.4. for 
details) on a daily basis to determine the moisture content of the waste inside the 
reactor by oven drying. 
The DSDR was estimated using the following equation: 
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DSDR— 
 wail  (1— wc1  )— wm2 (1—wc2 ) 
wm,(1—wc,Xt2 —t1 ) 
(4.1) 
Where: 
DSDR = dry solids decomposition rate in g dry solids decomposed per kg total dry 
solids per h (g kg -IDS WI) 
wmi, wm2 = wet mass at time 1 and wet mass at time 2 in kg 
wci, wc2 = water content of waste inside the reactor at time 1 and time 2 in % of wet 
mass. 
Microbial activity was also measured using the oxygen uptake rate (OUR). A portable 
gas analyser (Geotechnics, 2000; Geotech, UK) was used for this purpose. Three 
measurements of the oxygen (02) concentration of the exhaust air flow were taken on a 
daily basis and compared to the inlet air 02 concentration. Before each measurement 
the material was agitated with a constant airflow equivalent to 30 m3 h-1 for more than 
30 minutes to achieve steady state conditions. The oxygen concentration (as a 
volumetric percentage) in the input and exhaust gasses was determined with the gas 
analyser as an average value during a continuous measurement for 10 minutes. The 
airflow of the exhaust gases was monitored using a portable flow meter and the 
temperatures of the input and output air were also recorded. The quantity of oxygen in 
moles in the input and exhaust gasses was determined using the ideal gas law (Perry 
and Green, 1997): 
PV = nRT 	 (4.2) 
Where: 
P = relative pressure of 02 in Atm; 
V = total volume of 02 entering or leaving the rotary drum in 10 minutes = (total 
volume of air entering or leaving the reactor in L.s-1) x (% volume of 02 in the exhaust 
or input air) x 600 s 
T = temperature of the input or output air in Kelvin; 
n= moles of gas; 
R= molar gas constant equal to 0.082058 L atm mo1-1K-1. 
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Oxygen uptake was expressed in mg 02 kg-i DS 111. 
Volatile solids (VS) destruction was also initially used as a measure of microbial 
activity. However, at this scale of experimentation large errors were apparent, limiting 
the interpretation of microbial activity on the basis of VS consumption. 
4.4  Laboratory techniques 
4.4.1. Sample collection and preservation 
Waste samples were collected on a daily basis for determination of moisture content, 
bulk density, pH, free air space (FAS) and calorific value. Before sampling, waste 
inside the drum was agitated for 30 minutes to ensure homogeneity. A large quantity of 
waste, equivalent to approximately 30 kg was taken from various positions in the 
reactor using a long handled spade. The material was thoroughly mixed manually and a 
composite 2 kg sample was placed in a sealed sample bag and preserved by freezing at 
-15 °C. The remaining material was returned to the drum. 
4.4.2. Moisture content 
Frozen samples were defrosted and divided to 6 sub-samples of approximately 0.3 kg 
each. Half of the sub-samples were oven-dried at 105 °C for 24 h (Bouranis, 1994) and 
the moisture content was determined using equation 4.3. 
me =100  wm — dm (4.3) 
win 
Where: 
me = moisture content as a percentage of the total mass of waste; 
wm = wet mass of the waste in kg; 
dm = mass of the waste after drying. 
4.4.3. Calorific value 
Dried sub-samples were ground to <1 mm and mixed thoroughly. Six, 1 g composite 
sub-samples of ground material were formed into pellets for calorific value 
determination using an oxygen bomb calorimeter (Parr Instruments Company, 1980) 
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following the method of Weppen (2001). The pellets were placed in the oxygen bomb 
and pressurised oxygen was added (30 bars). The oxygen bomb was submerged in a 
thermally insulated calorimeter bucket containing 2 L of deonised water. After stirring 
for five minutes, to homogenize the water temperature, readings were taken from a 
thermometer that was in the water at one minute intervals for 5 minutes. At the start of 
the 6th minute the waste sample was combusted in the oxygen bomb. The sample was 
ignited by an electric charge passed through a 10 cm length nickel fuse wire connected 
to a pair of electrodes. A 4-5 minute period of rapid temperature rise was observed 
following ignition. Temperature readings were taken after 45, 60, 75, 90 and 105 s 
from ignition to determine the time required to reach 60 % of the total rise. 
Temperature was also recorded for five minutes at 1 min intervals after the rapid 
temperature rise period. After measurement was completed the oxygen bomb was 
opened and the interior surfaces were washed with a jet of distilled water. The washings 
were collected in a beaker. Unburned pieces of fuse wire were removed from the bomb 
electrodes, straightened and their combined length was measured to determine the 
length of wire that was combusted. The bomb washings were titrated with a standard 
0.07 N sodium carbonate solution. Net heat of combustion was determined using 
equations 4.4 and 4.5. 
H = 
tW — el — e2  
g 	 m 
t= t, —ta — 71(b — a) — r2 (c -- b) 
Where: 
Hg = net heat of combustion; 
t = net corrected temperature rise in °C; 
W = energy equivalent to the calorimeter in kcal; 
ei = mL of standard alkali solution used in the acid titration [correction in calories for 




e2 = correction in calories for heat of combustion of fuse wire = 2.3 * (centimetres of 
wire consumed in firing; 
t, = maximum temperature observed after firing in °C; 
to = temperature at time of firing in °C; 
r1 = rate (temperature units per minute) at which the temperature was rising during the 
5-min. period before firing in °C min-1; 
b = time (to the nearest 0.1 min) when the temperature reaches 60 per cent of the total 
rise; 
a= time of firing; 
r2 = rate (temperature units per minute) at which the temperature was falling during the 
5-min. period after the maximum temperature was observed in °C min-1; 
c = time in min when maximum temperature was reached. 
4.4.4. Bulk density, free air space and pH 
The bulk density (BD) and free air space (FAS) of the processed material and final 
product were also determined. The BD of the feedstock is important for sizing an 
industrial rotary drier based on the tonnage of waste. Changes in BD during processing 
are also useful for estimating the feeding rate in a semi-batch or continuous biodrier. In 
addition, the BD of the product is an important parameter for storage purposes, 
handling and feeding for combustion. The FAS of the feedstock and changes associated 
with processing were important for aeration during the static periods of biodrying 
experiments. 
Undried samples were used for bulk density (BD), free air space (FAS) and pH 
determination. BD of the waste was determined using equation 4.6 after weighing 3 
sub-samples of approximately 0.3 kg and measuring their volume with a 1000 ml 
volumetric cylinder. 
bd = wm  
v 
Where: 
bd = bulk density of the waste in kg m-3; 
(4.6) 
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win = wet mass of the waste in g; 
v = volume of the waste in L; 
The pycnometer method (Mohee and Mudhoo, 2005) was used for FAS determination 
using three samples of bio-dried material. The air voids in the material were filled with 
cold water and the volume of water required, was used to estimate the air porosity of 
the solids volume. A 2 L graduated glass beaker of diameter 10 cm was used. In each 
measurement, 1000 ml of biodried material were added to the glass beaker. Cold 
deionised water with a temperature equivalent to 25 °C was slowly added until the 1000 
ml reading in the glass beaker was reached. The volume of water required to fill the 
void spaces of the waste was determined from the water density and the weight 
difference before and after water addition to the glass beaker. The free air space of the 
material was determined using equation 4.7. 
FAS =( 14)2—wl /V
w s 
 *100 	 (4.7) 
Where: 
w2 = weight of waste and water required to fill void spaces 
w/ = weight of waste 
pw= deionised water density at 25 ° C in kg 111-3  
Vws = volume of the waste 
The pH of the samples was determined with a pH electrode (Hanna HI 98129) after 
shaking with deionised water at a weight ratio of 1:5 (Sundberg et al., 2004). Shaking 
was periodic in a 1-h period and the pH was measured in the decanted water. 
The VS content was determined by loss on ignition at 450 ° C (BS, 2000). Due to the 
high heterogeneity of the material, the standard method was modified and larger 
samples (6 g instead of the recommended 1g) were used. The ignition time (of these 
larger samples) in the muffle furnace was also extended from the recommended 6 h to 
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more than 10 h to ensure complete ignition of the organic matter. The VS content of the 
samples were determined using the following equation: 




dm = dry mass of the sample in g 
ash450 = remaining ash in g after ignition at 450 °C for more than 10 h 
The ash content of the samples was determined by loss on ignition at 815 °C (ISO, 
1997). The method was also modified and larger samples (6 g were used instead of the 
recommended sample size of 1 g) were placed in a muffle furnace for 6 h (rather than 








dm = dry mass of the sample in g 
ash815 = remaining ash after ignition at 815 °C for more 6 h 
4.4.5. Total N 
The total nitrogen content of different feedstock materials (mixed paper, food waste, 
woody trimmings, Posidonia oceanica) was determined using the Kjeldahl digestion 
method (Kjeldahl, 1883). Samples of 5-10 g were placed in large boiling tubes with 
concentrated sulphuric acid. The boiling tubes were placed on the digestion block 
(Gehardt) and heated to 145 ° C until frothing had stopped. The temperature was 
increased to 365 °C and until digestion was completed. After cooling the digests were 
filtered through Whatman N. 40 filter paper and transferred to 250 ml volumetric 
flasks. The tubes were rinsed thoroughly with deionized water and the washings were 
also transferred to the flasks to ensure the maximum recovery of N. The nitrogen 
(4.8) 
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content of the samples was determined using an automated colorimetric procedure and 
a Skalar Autoanalyser. The C:H:N ratio of the different waste streams was also 
determined on selected samples by an accredited external laboratory. 
4.5 Physical and chemical characteristics of feedstock materials  
Average values of the physical and chemical characteristics of the feedstock, supplied 
to the biodrying experiments, and determined within the framework of this PhD thesis, 
are presented in Table 4.2. 
Table 4.2 Selected chemical characteristics of different feedstocks 































































* all measured on dry basis 
Food waste had the highest N content and the lowest carbon to nitrogen ratio, whereas 
waste paper had the lowest N concentration and the highest C:N ratio. As expected food 
waste and sewage sludge had a moisture content higher than 65 %. Posidonia 
oceanica, sewage sludge and waste paper reported high ash content, equivalent to 25.6, 
23.2 and 25.4 indicating that increased concentration of these wastes will increase the 
average ash content of SRF. 
4.6 Determination of process thermal efficiency 
The thermal efficiency (ThE) of each bio-drying trial was expressed in kg H2O 
evaporated per kg of DS decomposed. The thermal efficiency of the different bio-
drying trials was determined based on total water evaporation (W„) and total dry solids 
decomposition (TDSD) using the following equations: 
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ThE = 	W" 
TDSD 
W„ = Moi Mi + MGW — Mo2M 2 
MGW = TDSD(a) 






ThE = thermal efficiency of the process expressed in kg H2O evaporated per kg dry 
solids decomposed 
Wet = total water evaporated during the bio-drying process in kg 
Mob Moe = % moisture content of feedstock and end product, respectively 
MI, M2 = mass of feedstock and end product, respectively in kg 
MGW = metabolically generated water in kg 
TDSD = total dry solids decomposition in kg 
a = coefficient equal to 0.5 kg of metabolically generated H2O per kg of dry solids 
decomposed (Haug, 1993) 
4.7.  Statistical analysis 
The relationship between OUR and DSDR in all sets of trials was examined by linear 
regression analysis using the SPSS statistical computer software (Zar, 1999). Linear 
regression analysis was performed to investigate the relationships between the 
following parameters: (1) DSDR-pH, (2) biodrying rate (BDR)-pH at different biomass 
temperatures, (3) BD-FAS, (4) net calorific value (NCV)-moisture content, (5) gross 
calorific value (GCV)-VS, and VS-% DS decomposition. Multiple regression analysis 
was used to examine the combined effect of temperature and pH on BDR and DSDR. 
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CHAPTER 5 
INFLUENCE OF BIOMASS TEMPERATURE AND PH ON BIODRYING 
EFFICIENCY 
5.1 Introduction 
Biomass temperature is one of the main factors controlling the rate of microbial activity 
during composting (Haug, 1993; Keener et al., 1993; Ekinci et al., 2004) and is also 
crucial parameter for biodrying (Adani et al. 2002). The optimum temperature for 
aerobic decomposition reported in the literature varies considerably (see Section 2.4.5) 
The pH of the feedstock material is another important variable affecting microbial 
activity during aerobic decomposition and composting of biodegradable waste 
materials. Although the pH of the feedstocks used in composting processes lies within 
the optimum range of 6-8.5 acidification may occur with food waste causing process 
inhibition at thermophilic temperatures (for more details see Section 2.4.3). 
5.2 Materials and Methods 
Temperature and pH value are two ordinal interacting factors influencing microbial 
activity during aerobic decomposition. Therefore the effect of these parameters were 
tested together in 8 factorial biodrying trials with a consistent feedstock composition 
(60 % food waste, 30 % paper, 10 % recycled product). The maximum retention time 
within the reactor was 1 week but the process was stopped within a shorter period if 
moisture content declined to less than 20 %. The process conditions during the 8 
biodrying experiments are presented in Table 5.1. In the first 4 trials, 4 different 
biomass temperatures (40 °C, 45 °C, 50 °C and 60 °C; Trials Al-D1) were tested with 
no intervention to adjust the pH. In the second series of 4 trials the same biomass 
temperature conditions were tested and the pH of the feedstock was adjusted to neutral 
by addition of NaOH (Trials El -H1). 
The material inside the rotary drum remained static for 1 hour periods and 10 min 
agitation sequences followed. Temperature was recorded after this 10 min period and 
the duration of each agitation sequence was extended if the this value was higher than 
the temperature control value to cool the material to the set point temperature value. 
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Continuous airflow equivalent to 30 m3 III was applied during the static periods and 10 
min agitation sequences. However, during extended agitation sequences airflow 
increased to 120 m3 WI and remained at this value until the temperature inside the 
reactor decreased to the set point value. Full details of the experimental procedures and 
treatments are described in the General Materials and Methods (Chapter 4). 
Table 5.1. Process conditions applied during the 8 biodrying experiments 
investigating the influence of pH and temperature on the rotary biodrying 
Trial 
Biomass 
Temperature (°C)  
pH 
adjustment 
Drum Rotation Speed and 
Frequency 
Al 60 Yes 10 min at 0.5 rpm every 1.2 h 
B1 50 Yes 10 min at 0.5 rpm every 1.2 h 
Cl 45 Yes 10 min at 0.5 rpm every 1.2 h 
D l 40 Yes 10 min at 0.5 rpm every 1.2 h 
El 60 No 10 min at 0.5 rpm every 1.2 h 
Fl 50 No 10 min at 0.5 rpm every 1.2 h 
G1 45 No 10 min at 0.5 rpm every 1.2 h 
H1 40 No 10 min at 0.5 rpm every 1.2 h 
Airflow (m3 h-1) 
low 30 high 120 
low 30 high 120 
low 30 high 120 
low 30 high 120 
low 30 high 120 
low 30 high 120 
low 30 high 120 
low 30 high 120 
5.3. Results 
5.3.1. Temperature profiles 
The temperature profiles of the 8 biodrying experiments are presented in Figure 5.1. 
The target control temperature in Trials Al and El was equivalent to 60 °C and 
feedstock added to El was adjusted to pH 7 by addition of NaOH. However, in this 
case, the biomass temperature did not achieve the target control value (60 °C) in Trial 
Al until after 120 h. The temperature initially increased to 53 °C in 32 h and remained 
at this value for 24 h. Following this initial increase, the temperature decreased to a 
minimum value equivalent to 23 °C, 93 h after commencing the trial. After this time, 
however, a rapid rise in temperature was recorded to the predetermined control value of 
60 °C. This occurred 123 h after commencing the biodrying trial and the temperature 
remained at this value until the end of the experiment. Trial El was pH adjusted and 
showed a broadly similar temperature profile to Al. The temperature initially increased 
to near the target control value of 60 °C in 36 h and then decreased to 38 °C, 84 h after 
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commencing the experiment. The temperature subsequently increased rapidly to 60 °C, 
96 h after initiating the trial and remained at this value for the remaining processing 
time. 
In trials B1 and Fl biomass temperature was controlled to maintain a relatively constant 
value of 50 °C. In Trial F1 the pH of the feedstock was adjusted to neutral value, 
whereas no intervention to modify pH occurred for trial B 1. In both experiments the 
temperature increased to 50 °C within 24 h and 20 h, respectively (Figure 5.1). After 
the initial temperature rise in both trials the feedback aeration controlled system 
maintained the temperature at the set point value (50 °C). In Trial B1 this period was far 
more extended compared to trial F 1 (Figure 5.1). The biomass temperature exceeded 
the pre-determined maximum (50 °C) in some instances in Trial B1 although 
differences between the set point and the actual temperatures were minimal (e.g. 0.5-
1.1 °C). After this period of relatively consistent temperature control, temperature 
decreased to minimum values of 42 °C and 45 °C in trials B1 and F 1, respectively 
indicating low microbial activity. However, the temperature subsequently rose again to 
the set point of 50 °C within 36 h in trial B1 and in less than 10 h in the pH adjusted 
Trial Fl and remained close to this value for the remaining time of the experiment. 
In trials with the control temperature set to 45 °C the biomass temperature increased to 
this value in 24 h for Trial C2 without pH adjustment but a more rapid temperature rise 
occurred when the pH was adjusted to 7 in trial G2. The target temperature was 
subsequently maintained for the remaining processing time. 
In trials D1 and H1 the temperature feedback controlled aeration system was set to 
maintain the biomass temperature near to 40 °C. The temperature reached the 
predetermined level of 40 °C within 12 h and 18 h in trials D1 and H1, respectively and 
the temperature was controlled at this value during most of the processing time. The 
temperature decreased to 33 °C during the last 30 h of processing for Trial Dl and a 
similar temperature decline to 32 °C was observed for the final 28 h in Trial H1. This 
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The results demonstrated clearly that the stability of the biodrying process was reduced 
in trials with increasing biomass temperature (trials Al, El, B1, Fl) compared to 
managing the process temperature within the mesophilic range (trials Cl, D1, Gl, H1). 
The instability observed at high process control temperatures was reduced with 
increasing pH value of the feedstock suggesting that the process instability was related 
to pH dynamics and acidification, resulting from the rapid organic matter 
decomposition in the system (Section 5.2.5). 
(a) no pH adjustment 
Figure 5.1. Effect of thermal process control regime and feedstock pH 
value on biomass temperature 
Trial Al and El: Target control temperature = 60 °C 
Trial B1 and Fl: Target control temperature = 50 °C 
Trial Cl and Gl: Target control temperature = 45 °C 
Trial DI and Hl: Target control temperature = 40 °C 
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5.3.2 Biodrying rates 
The feedstock moisture content, final moisture content and % total moisture removal 
(TMR) during the 8 biodrying experiments are presented in Table 5.2. The relationship 
between moisture content and time during processing was also examined by linear 
regression analysis (Table 5.3 and Figure 5.2) and significant linear relationships 
between moisture content and time were detected in all trials (Table 5.3). The % TMR 
and BDR increased with decreasing biomass temperature indicating that the biodrying 
process is more efficient at mesophilic temperature conditions. The highest % TMR and 
BDR occurred with biomass temperature set to 40 °C, and these were equivalent to 52.0 
%, 0.151 % moisture removal III and 48.2 %, 0.119 % moisture removal ICI in trials D1 
and H1, respectively. In contrast the lowest % TMR and BDR occurred in trials Al and 
El with the highest biomass temperature (60 °C) and these were equivalent to 9.0 %, 
0.024 % moisture reduction fil and 23.3 %, 0.057 % moisture reduction 111, 
respectively. 
Adjusting the pH of the feedstock to neutral value resulted in considerably higher % 
TMR and BDR in trials with biomass temperature set at 50 °C and 60 °C (Trials El and 
Fl). However, initial pH adjustment during trials with mesophilic temperature control 
strategies (45°C during G1 and 40 °C during H1) did not improve the biodrying process 
resulting, in minor decline of moisture removal efficiency. 
Dehydration rates in trials with temperature set at 40 °C (D1 and H1) and 45 °C (Cl and 
F1) were relatively consistent during most of the processing time and declined only 
within the final days of processing probably due to moisture limitations to microbial 
activity (Figure 5.2). 
On the other hand initial periods with minimal BDR occurred in trials with biomass 
temperature controlled at 50 °C (B1 and F1) and 60 °C (Al and El). However these 
periods were less extended in trials with feedstock initial pH adjustment at 7 (Figure 
5.2) indicating that the low BDR during these periods was related to process inhibition 
due to acidification 
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Al 60 No 41.0 37.3 168 
El 60 Yes 43.0 33.0 168 
B1 50 No 42.2 33.1 168 
Fl 50 Yes 41.0 29.3 168 
Cl 45 No 40.5 24.7 168 
G1 45 Yes 41.5 27.3 168 
D1 40 No 42.0 19.3 168 













Table 5.2. Effect of biomass temperature and feedstock pH value on dehydration 
efficiency during the rotary biodrying process 
Table 5.3. Linear regression models of the relationship between biomass moisture 
content and time, showing the effect of adjusting feedstock pH to 7 and biomass 







constant r2 P 
Al 60 No -0.024 41.23 0.991 < 0.001 
El 60 Yes -0.057 42.98 0.959 0.002 
B1 50 No -0.045 42.27 0.953 0.001 
Fl 50 Yes -0.077 41.76 0.982 < 0.001 
Cl 45 No -0.100 39.99 0.973 0.001 
G1 45 Yes -0.095 42.00 0.991 < 0.001 
D1 40 No -0.151 42.64 0.990 < 0.001 
H1 40 Yes -0.119 39.08 0.949 0.001 
* BDR = biodrying rate (% moisture reduction h1) 
94 


















0 144 120 168 
Time (h) 
♦ A 1 	 ■ B1 	 C1 	x D1 
Linear (A1) 	Linear (131) 	Linear (C1) 	—Linear (D1) 
24 	48 	72 	96 	120 	144 	168 
Time (h) 
♦ El 	 ■ Fl 	 G1 	 x HI 





















(a) no pH adjustment 
(b) pH adjusted to 7 
Figure 5.2. Linear relationships between moisture content and time in 
the 8 biodrying experiments 
Trial Al and El: Target control temperature = 60 °C 
Trial B1 and Fl: Target control temperature = 50 °C 
Trial  Cl and G 1: Target control temperature = 45 °C 
Trial DI and H 1: Target control temperature = 40 °C 
5.3.3. pH profiles 
The pH profiles of the 8 biodrying experiments are presented in Figure 5.3. The pH 
value decreased initially in all the biodrying trials (Figure 5.3). However, the extent of 
acidification was reduced for lower biomass temperature (Cl, D1). In general, the 
degree of acidification increased with increasing control temperature and acidic 
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24 	48 	72 	96 	120 	144 	168 
Time (h) 
-El -F1 	G1 -H1 
conditions occurred for prolonged periods in trials without initial pH adjustment with 
high target temperature control values (Al, B1). Acidification was partially overcome 
by pH adjustment, but this was not effective at the highest temperature control regime 
(El; 60 °C). Controlling the temperature at a value equivalent to 40 °C showed the 
smallest degree of acidification, whereas the highest temperature regime was the most 
acidified. 
(a) no pH adjustment 
(b) pH adjusted to 7 
Figure 5.3. Effect of initial pH adjustment to 7 and biomass temperature 
on pH profiles 
Trial Al and El: Target control temperature = 60 °C 
Trial B1 and Fl: Target control temperature = 50 °C 
Trial Cl and G 1: Target control temperature = 45 °C 
Trial D1 and Hl: Target control temperature = 40 °C 
For example in trials with temperature set at 50 °C (Al) and 60 °C (B1) and no initial 
NaOH addition the pH decreased to minimum values of 5.5 and 5 within the first 24 h 
and 48 h, respectively and remained below 6 during the first 4 days of processing. 
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Initial pH adjustment minimized the degree of acidification in Trial Fl (50 °C) and pH 
values smaller than 6 occurred only during the first 48 h of processing. In contrast in 
Trial El (60 °C) pH adjustment was less efficient as a means to alleviate initial 
acidification and pH decreased to 5.5 within the first 3 days of processing and increased 
above 6 during the 4th  day of processing. In trials with biomass temperature controlled 
at 45 °C (Cl and Gl) and 40 °C (DI and H1) the pH decreased to less than 6 only 
during the first 24 h of processing and then increased remaining above these value for 
the rest of processing time. 
5.3.4. Dry solids loss and microbial activity parameters 
The average OUR and DSDR during the 8 biodrying experiments are presented on 
Table 5.4. The dry solids decomposition profile and OUR histogram are presented in 
Figure 5.4 and Figure 5.5, respectively. Although BDR increased with decreasing 
biomass temperature this was not the case for OUR and DSDR. The highest DSDR and 
OUR occurred with biomass temperature set at 50 °C (equivalent to 1.41 g kg-1 DS 1-11, 
1.56 g 02 kg-1 DS h-1 and 1.59 g kg-1 DS h-1, 1.85 g 02 kg-1 DS h-1 in trials B1 and F 1 , 
respectively), whereas DSDR and OUR values where the lowest in trials with 
temperature set at 40 °C [Table 5.4, (equivalent to 1.01 g kg-1 DS h-1, 1.28 g 02 kg -1 DS 
h-1 and 0.92 g kg -1 DS h-1, 1.16 g 02 kg-1 DS h-1 in trials D1 and H1, respectively)]. 
Table 5.4. Effect of biomass temperature and feedstock pH value on OUR and dry 
solids decomposition rate (DSDR) during the rotary biodrying process 




(g kg-1 DS Ii') 
Average OUR 
(g 02 kg' DS h-1) 
Al 60 No 0.94 1.29 
El 60 Yes 1.16 1.58 
B1 50 No 1.41 1.56 
Fl 50 Yes 1.59 1.85 
Cl 45 No 0.95 1.31 
G1 45 Yes 0.89 1.20 
D1 40 No 1.01 1.28 
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0 	24 	48 	72 	96 	120 	144 	168 
Time (h) 
Fl 	G1 	H1 —El — — 
Figure 5.4. Effect of initial pH adjustment to 7 and biomass temperature 
on dry solids decomposition profiles 
Trial Al and El: Target control temperature = 60 °C 
Trial B1 and F 1: Target control temperature = 50 °C 
Trial Cl and GI: Target control temperature = 45 °C 
Initial adjustment of the pH at 7 increased the average DSDR and OUR in the trials 
with thermophilic temperature control strategies [(Trial El, 60 °C), (Trial Fl, 50 °C)]. 
However, DSDR and OUR in trials with pH adjusted feedstock and mesophilic 
temperature control strategies [(Trial Gl, 40 °C), (Trial H1, 45 °C)] were lower 
compared to trials without pH adjustment and temperature controlled at the same values 
[(Trial Al, 40 °C), (Trial Cl, 45 °C)]. 
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Dry solids decomposition and OUR values varied during processing in all trials (Figure 
5.4 and Figure 5.5). In the experiments with biomass temperature controlled at 60 °C 
(Al and El) and 50 °C (B1 and F1) an initial period with relatively high DS 
decomposition and OUR occurred followed by a second period with considerably lower 
decomposition and OUR (indicating process inhibition due to acidification) and a final 
period with the highest decomposition and OUR values. 
(a) no pH adjustment 
(b) pH adjustment 
Figure 5.5. Effect of initial pH adjustment to 7 and biomass temperature 
on oxygen uptake rate values during rotary biodrying 
Trial Al and El : Target control temperature = 60 °C 
Trial Bl and Fl: Target control temperature = 50 °C 
Trial Cl and G 1: Target control temperature = 45 °C 
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The extent of the period with minimal DS decomposition and OUR corresponding to 
acidified conditions (Figure 5.4) increased with increasing biomass temperature but was 
shorter in trials with initial pH adjustment [Figure 5.5 and Figure 5.6, (trials El and 
F1)]. 
In trials with mesophilic temperature control strategies [(Cl and Gl, 45 °C), (D1 and 
H1, 40 °C] DS decomposition and OUR increased gradually achieving maximum 
values between the 3rd and 5th day of processing and then declined to minimum values 
during the last 24-48 h corresponding to a period when moisture content declined to 
less than 25 %. 
The relationship between OUR and DSDR was further examined by linear regression 
analysis. A significant linear relationship was apparent between oxygen uptake and dry 
solids decomposition rate [(Figure 5.7); (r2 = 0.864, P < 0.001)]. The slope of 
regression equation showed that 1.02 g of 02 was consumed for each g of dry solids 
decomposed. 
Fig. 5.6.Relationship between Oxygen Uptake Rate (OUR) and Dry 
Solids Decomposition Rate (DSDR): OUR = 1.027 DSDR + 0.276, 
r2 = 0.88, P < 0.001 
5.3.5 Combined effect of temperature and pH 
The effect of pH on BDR and DSDR at different target temperature control values was 
examined by regression analysis. Statistically significant linear relationships were 
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detected between the pH value and BDR at biomass temperatures equivalent to 50 °C 
and 60 °C (Table 5.5). Biodrying rate increased with increasing pH and biomass 
temperature conditions in this range. The steeper slope of the relationship calculated for 
the combined data from trials Al and El (60 °C) compared trials B1 and F 1 (Table 5.5, 
Figure 5.7) showed that the influence of pH on BDR became more important as 
biomass temperature increased. 
No statistically significant linear relationships were detected between the pH value and 
biodrying rates for trials where the target temperature control values were equivalent to 
40 °C and 45 °C (Table 5.5). 
Significant linear relationships were also detected between pH and DSDR at the high 
biomass temperatures regimes [(50 °C, 60 °C); Table 5.6]. Decomposition rate 
increased with increasing pH and the largest overall response to pH was measured for 
the 60 °C regime (Table 5.6, Figure 5.8). 
Table 5.5. Linear regression models of the relationship between 




constant r2 P 
40 0.381 -3.98 0.039 0.561 
45 0.242 -2.68 0.030 0.589 
50 0.623 1.09 0.583 0.004 
60 0.834 -0.44 0.47 0.014 
Table 5.6. Linear regression models of the relationship 
between Dry Solids Decomposition Rate (DSDR) and 
pH at different biomass temperatures 
Temperature (°C) Slope 
Regression 
constant r2 P 
40 0.157 -3.070 0.13 0.244 
45 0.069 -1.490 0.01 0.741 
50 0.427 0.470 0.38 0.041 
60 0.658 -0.440 0.38 0.033 
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Figure 5.7. Relationships between biodrying rate and pH at 
different biomass temperatures 
A1E1: Combined data from Trials Al and El (biomass temperature = 60 °C) 
B1F1: Combined data from Trials Bl and Fl (biomass temperature = 50 °C) 
C1G1: Combined data from Trials Cl and G1 (biomass temperature = 45 °C) 
D1H1: Combined data from Trials D1 and H1 (biomass temperature = 40 °C) 
Figure 5.8. Relationships between dry solids decomposition rate and 
pH at different biomass temperatures 
A1E1: Combined data from Trials Al and El (biomass temperature = 60 °C) 
B IFI: Combined data from Trials B1 and F 1 (biomass temperature = 50 °C) 
C1G1: Combined data from Trials Cl and GI (biomass temperature = 45 °C) 
D1H1: Combined data from Trials DI and H1 (biomass temperature = 40 °C) 
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The DSDR also increased with increasing pH at the lower temperature regimes (40 °C, 
45 °C), but in these cases the relationships were not statistically significant at P = 0.05 
(Table 5.6, Figure 5.8). 
The relationship between DSDR, pH and temperature was further examined by multiple 
regression analysis (Model A, Table 5.7 and Figure 5.9). Multiple regression analysis 
was also performed to examine the influence of pH and temperature on BDR (Table 
5.8. Figure 5.9). Significant linear relationships were detected between DSDR and pH, 
and also between DSDR and biomass temperature. The coefficients of the variables pH 
and temp in the multiple regression model were both positive indicating that DSDR 
increased with increasing biomass temperature and pH (Model B, Table 5.8 and Figure 
5.10). However the coefficient of pH was considerably larger suggesting that the effect 
of pH on DSDR was stronger compared to biomass temperature. 
Statistically significant relationships were also found between BDR-pH and BDR-
temperature. The coefficient of pH in the regression model was positive indicating that 
BDR increases with increasing pH. However, the coefficient of temp was negative 
suggesting that in contrast to DSDR, BDR declines with increasing biomass 
temperature. Although the effect of biomass temperature on DSDR was less important 
than the effect of pH in the BDR model, the absolute value of the coefficient of temp 
was higher than pH, indicating that biomass temperature had a greater influence on 
BDR compared to pH. 
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Table 5.7. Multiple regression models of the relationship 
between Dry Solids Decomposition Rate (DSDR), 
temperature and pH 
Model A: Dependent variable: DSDR 
r2= 0.211 
Proportion of variance explained by each variable 
pH = 12.0 %, temp = 9.1 % 
Analysis of variance 
F= 6.03 , P =0.04 
Variables in the equation 
Variable 	Coefficient 	t 	Sig t 
pH 0.355 	-2.569 	0.014 
temp 	 0.033 	2.604 	0.012 
Constant -0.035 	3.343 	0.020 
Table 5.8. Multiple regression models of the relationship 
between Biodrying Rate (BDR), temperature and pH 
Model B: Dependent variable: BDR 
r2= 0.558 
Proportion of variance explained by each variable 
pH = 29.8 %, temp = 26.0 % 
Analysis of variance 
F = 28.44 , P < 0.01 
Variables in the equation 
Variable 	Coefficient 	t 	Sig t 
pH 0.328 2.83 	0.014 
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Figure 5.9. (1) Relationship between dry solids decomposition rate 
(DSDR), temperature and pH: DSDR = 0.355 pH +0.033 temp-0.035, 
r2 = 0.21, P = 0.04. (2) Relationship between biodrying rate (BDR), 
temperature and pH: BDR = 0.328 pH— 0.523 temp, r2 = 0.56, P < 0.01. 
5.3.6 Bulk Density and Free Air Space 
The BD and FAS of the feedstock and final products during the biodrying experiments 
are presented in Table 5.9. The bulk density of the feedstocks supplied to biodrying 
trials was within the range 280-310 kg Ir1-3 and remained within the range 215- 390 kg 
Tri-3 during processing. In trials with high biomass temperatures without pH adjustment 
(Al, B1) the bulk density of the final product was much larger compared to the 
feedstock (Table 5.9). For example in trials Al and Bl, the bulk density increased by 
21.8 %, and 21.9 %, respectively after 7 days treatment. However, adjusting the pH of 
the feedstock to neutral value during trials with high biomass temperature (El, F1) 
resulted in a product with lower BD compared to the feedstock. For example in trials 
El and F1 bulk density declined by 8.8 % and 2.9 %, respectively during processing 
(Table 5.9). 
The biodrying process in trials adopting low biomass temperature (C1, D1, Gl, HO 
produced an output with lower BD compared to the feedstock (Table 5.9). The BD 
decline was the largest in the trials with the lowest biomass temperature (D1 and H1). 
For example in trials D1 and H1 the BD of the final product was 44.2 % and 36.4 %, 
respectively lower compared to the feedstock. In trials Cl and G1 the BD decreased by 
27.3 % and 23.4 %, respectively. 
The FAS of the feedstock supplied to the biodrying experiments was within the range 
53 %-77 % (Table 5.9). The output of biodrying trials with high biomass temperature 
and no pH adjustment had a lower FAS compared to the FAS of the feedstock. The 
FAS reduction increased with increasing biomass temperature. For example FAS 
declined by 26.2 % and 8.7 % in trials Al and Bl, respectively. However, in trials with 
high biomass temperature and NaOH addition FAS marginally increased. For example 
in trials El and Fl, FAS increased by 3 % and 3.5 % during processing. 
Lower biomass temperatures increased the FAS compared to feedstock. For example in 
trials Cl and DI the FAS of the waste increased by 12.7 % and 12.2 %, respectively. 
Similarly, in trials G1 and H1, FAS increased by 8.2 % and 11.1 %. 
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Table 5.9. Effect of pH and biomass temperature on Bulk Density (BD) and Free Air 
Space (FAS) changes 
Trial Temperature (°C) 
pH 
adjustment 
Bulk density (kg m-3) Free Air Space (%) 





Al 60 No 305 390 21.8 67.0 53.1 -26.2 
El 60 Yes 310 285 -8.8 65.0 67.0 3.0 
B1 50 No 293 375 21.9 67.2 61.8 -8.7 
Fl 50 Yes 288 280 -2.9 65.3 67.7 3.5 
Cl 45 No 280 220 -27.3 65.3 74.8 12.7 
G1 45 Yes 290 235 -23.4 67.2 73.2 8.2 
D1 40 No 310 215 -44.2 67.9 77.3 12.2 
H1 40 Yes 300 220 -36.4 65.4 73.6 11.1 
107 
Linear regression analysis revealed a statistically significant relationship between BD 
and FAS. As expected the value of the slope of the regression equation was negative 
suggesting that BD declines with increasing FAS. 
Figure 5.10. Relationship between bulk density (BD) and free 
air space (FAS): BD = -0.105 FAS+96.49, r2 =0.69, P = 0.02 
5.3.7. Thermal efficiency of biodrying trials 
The thermal efficiency of biodrying trials is presented in Table 5.10. The thermal 
efficiency of the process increased with decreasing biomass temperature. The highest 
thermal efficiencies occurred in trials with biomass temperature controlled at 40 °C and 
this were equivalent to 4.0 kg H2O kg -1 DS and 3.8 kg H2O kg-I DS. In contrast 
temperature control at the highest biomass temperature (60 °C) resulted in the lowest 
thermal efficiencies equivalent to 1.8 kg H2O kg-1 DS and 2.1 kg H2O kg-1 DS in trials 
Al and El, respectively. Initial pH adjustment resulted in only minor changes in the 
thermal efficiency of the biodrying trials (Table 5.10). For example in trials El (60 °C) 
and Fl [(50 °C, (with initial pH adjustment)] the thermal efficiency increased by 0.3 kg 
1120 kg-I DS and 0.2 kg H2O kg-1 DS compared to trials Al (60 °C) and B1 [(50 °C, 
(without initial pH adjustment)], respectively. 
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Table 5.10. Effect of pH and biomass temperature on 
thermal efficiency of rotary biodrying process 





H2O kg-1 DS) 
Al 60 No 1.8 
El 60 Yes 2.1 
B1 50 No 2.1 
Fl 50 Yes 2.3 
Cl 45 No 3.2 
G1 45 Yes 3.3 
D1 40 No 4.0 
H1 40 Yes 3.8 
5.3.8 Selected chemical characteristics and calorific value of final product 
The physical characteristics and calorific value of the fuel generated during different 
biodrying trials are presented in Table 5.11. The calorific value of the fuel increased 
with decreasing biomass temperature. For example the end products with the highest 
calorific values were generated in trials D1 and H1 with temperature controlled at 40 °C 
and these were equivalent to 13.8 MJ kg-i and 13.5 MJ kg-1, respectively. In contrast the 
fuel generated in trials with the highest biomass temperature had the lowest calorific 
value equivalent to 11.0 kcal kg and 10.6 kcal kg 1,  in trials Al and El, respectively. 
The dry ash free basis calorific values of the products from different biodrying trials 
were within the range 19.7- 21.1 MJ kg-I suggesting minimal chemical composition 
variation between the different products. This also indicates that there was no 
preferential decomposition of high or low calorific value materials by microorganisms. 
Given the small variability of dry ash free basis calorific value the net calorific value of 
the fuel depended exclusively on moisture and volatile solids content. Therefore, 
improved thermal efficiency and dehydration increased the calorific value of the fuel. 
For example increasing moisture content of the fuel by 2 % resulted in approximately 
0.5 MJ kg-i decline of the calorific value. Increasing volatile solids content of the fuel 
by 2 % resulted in a similar increase of the calorific value equivalent to 0.6 MJ kg-1. 
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Table 5.11. Effect of pH and biomass temperature on physical characteristics and 
calorific value of final product during the rotary biodrying process 
Trial Temperature (°C) 
Net 	Dry ash Volatile 	Ash 
	
Calorific free basis 	 Moisture pH 	Value 	Calorificsolids (% content content adjustment ry 	(% dry (MJ kg 1) 	value 	d 



































































Temperature and pH are important process parameters influencing biodrying rate and 
the results emphasized the need for careful control to achieve efficient biodrying. A 
combination of thermophilic biomass temperature and low pH values resulted in the 
inhibition of the microbial activity and low biodrying rate. This was consistent with the 
findings of other researchers (Day et al., 1998; Schloss and Walker, 2000; Beck-Friis et 
al. 2001; Weppen, 2001; Sundberg et al., 2004). Increased acidification caused process 
instability at high biomass temperatures (50-60 °C) and biomass temperature could not 
be accurately controlled at the predetermined values (Figure 5.1), resulting in low 
moisture removal rates. In contrast, the biodrying process was more stable with lower 
biomass temperatures [40-45 °C, (Figure 5.1)], and moisture removal rates were 
considerably higher. The increasing stability of the process with declining biomass 
temperature can be attributed to decreasing dependency of DSDR on pH values at 
lower biomass temperatures (Table 5.5). Acidification became more severe with 
increasing biomass temperature. Lower biomass temperatures (C1, D1,G1, H1) were 
less acidic compared to trials with high biomass temperature (Al, Bl, El, F1) and 
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periods of acidification were shorter. Previous work by other investigators (Smars et 
al., 2002; Sundberg et al., 2004) showed that the duration of acid inhibition can be 
significantly reduced if the temperature is maintained below 40 °C during the acidic 
phase of composting. The results presented here also showed no acid inhibition with 
biomass temperature up to 45 °C, but significant acidification and inhibition of 
microbial activity occurred at > 50 °C. 
Initial pH inhibition at thermophilic temperatures was partially overcome by pH 
adjustment of the feedstock to 7. However, this was less successful in the highest 
temperature regime (Trial El). This can be explained by the pH decline from a neutral 
to acidic value within the first 3 days of processing. Nakasaki et al. (1993) also showed 
that initial inhibition due to acidification can be only partially alleviated with Ca(OH)2 
addition. NaOH amendment increased the average DSDR at thermophilic temperatures 
(50 °C, 60 °C). However, the DSDR was reduced slightly in the 40 °C and 45 °C 
regimes. These results are consistent with the findings of Sunderg et al. (2004). Thus, 
NaOH addition may have a negative effect on microbial activity in the absence of 
significant pH stress and acidification. 
Significant linear relationships were observed between DSDR and pH in trials with 
high biomass temperatures. DSDR and OUR increased with increasing pH with a 
biomass temperature equivalent to 50 °C and 60 °C. The rate of increase of DSDR and 
OUR with increasing pH was the highest for the 60 °C regime, suggesting that the 
effect of pH on microbial activity becomes stronger at higher temperatures. In contrast 
the relationship between DSDR and pH was not significant at the mesophilic 
temperature control regimes (40 °C and 45 °C) indicating that microbial activity is less 
susceptible to pH changes at lower temperatures. The higher dependency of microbial 
activity on pH with increasing biomass temperature can be attributed to the lower acid 
tolerance of thermophilic microorganisms compared to mesophilic (Sundberg et al. 
2004). For example acid tolerant microorganisms such as fungi are less abundant at 
thermophilic temperatures (Eipstein, 1997). The results of the regression analysis 
showing that DSDR and BDR are not significantly influenced by pH could be also 
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explained by minimal acidification during trials with mesophilic temperature control 
strategies and the absence of pH values lower than 6 (Figure 5.4). 
Multiple regression analysis showed that pH and temperature have a statistically 
significant effect on DSDR (Model A) and BDR [Model B, (Table 5.7 and Table 5.8)]. 
The coefficient of the variable pH was positive in both models suggesting that DSDR 
and BDR increase with increasing pH. However, the coefficient of the variable temp 
was positive in Model A and negative in Model B, indicating that DSDR increases and 
BDR declines with increasing biomass temperature. Interestingly the absolute value of 
the regression coefficient of the variable temp was considerably larger in Model B 
compared to Model A suggesting that biomass temperature has a considerably stronger 
influence on BDR compared to DSDR. 
The validity of the multiple regression models, was supported by the fact that the 
highest BDR and lowest DSDR occured in the lowest temperature regimes (trials Dl 
and H1). In addition, the lowest BDR occured in the highest temperature regimes. The 
maximum BDR in the trials with minimum DSDR (trials D1 and H1) can be explained 
by the increasing thermal efficiency of the biodrying process with declining biomass 
temperature (Table 5.8). Temperature control at lower values resulted in lower thermal 
gradients between the biodrying matrix and the ambient environment resulting in lower 
conductive and radiant heat losses (Chapter 3.5) and therefore, higher process thermal 
efficiency. However, the higher thermal efficiency at low biomass temperature can be 
also attributed to faster drying, since the thermal conductivity of the material declines 
linearly with decreasing moisture content (Haug 1993; Klejment and Rosinski, 2008). 
These results were relatively consistent with other laboratory scale biodrying 
experiment conducted with static systems where maximum dehydration was achieved 
at the minimum operating temperature of 45 °C (Adani et al., 2002). In the 
experiments conducted by Adani et al. (2002) minimal dehydration occurred with 
temperature control at the highest value equivalent to 70 °C, although CO2 production 
was the highest. The lower DSDR and OUR during the low temperature control 
regimes in the present experiments can be partially attributed to rapid drying and 
inhibition of the microbial activity due to moisture limitations. Although DSDR were 
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similar at 40 °C and 45 °C (Table 5.4) the biodrying rates in trials D and H with 
temperature controlled at 40 °C, were considerably higher compared to trials G and D 
with biomass temperature equivalent to 45 °C (Tables 5.2 and 5.3). A possible 
explanation is that the overall moisture holding capacity of the air applied for cooling in 
trials D and H was higher compared trials G and D. The use of higher airflows might 
also resulted in lower RH of the carrier gas, resulting in lower EMC at the 40 °C trials 
(Section 3.4.1.2). 
Although, Model A suggested that DSDR increases with increasing biomass 
temperature the highest DSDR and OUR occurred at 50 °C instead of 60 °C. This could 
be explained by the higher pH values during the 50 °C regimes and the stronger effect 
of pH on DSDR compared to the 60 °C regimes. This is consistent with the results of 
Mc Kinley and Vestal (1984) who showed that maximum CO2 production occurred at 
50 °C during composting of sewage sludge. 
As expected OUR was linearly related with DSDR, indicating that a relatively 
consistent amount of oxygen (equivalent to 1.02 g per gram of organic matter) was 
consumed for a specific quantity of dry solids decomposed. Oxygen consumption 
during aerobic decomposition usually varies from 0.9 g to 2 g of 02 per g of organic 
matter decomposed depending on the composition of the feedstock material (Haug, 
1993) and the value observed during the biodrying experiments was within the range 
reported in the literature. The linear relationship between DSDR and OUR indicates 
that the composition of the feedstock in the 8 biodrying trials was relatively 
homogeneous. 
In trials with low target biomass temperature control values (C1, D1, Gi, H1) the BD 
of the final product was considerably lower compared to the bulk density of the 
feedstock material. As would be expected the FAS of the product was higher compared 
to the material loaded into the bio-reactor during these trials. Bulk density and FAS are 
mainly affected by the particle size of the waste and moisture content. Bulk density 
increases with decreasing particle size, whereas FAS is positively correlated with 
particle size. In contrast bulk density increases and FAS is reduced with increasing 
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moisture content (Haug, 1993). Although agitation and microbial activity caused 
considerable particle size reduction, efficient dehydration resulted in a product with 
lower bulk density and higher FAS compared to the feedstock material. Other factors 
such as particle size distribution and shape and packing density also affect BD and FAS 
(Haug, 1993) but these parameters were not examined within the framework of this 
PhD thesise. Improved dehydration during the low biomass temperature regimes also 
resulted in a product with higher calorific value compared to the product generated in 
trials with thermophilic temperature control and this was also consistent with the 
findings of Adani et al. (2002). 
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CHAPTER 6 
INVESTIGATION OF HEATING AND COOLING CYCLE STRATEGIES FOR 
ROTARY BIODRYING MSW 
6.1 Introduction 
Composting processes can be susceptible to the effects of excessive dehydration that 
reduce the rate of organic matter stabilization and inhibit the process due to the decline 
in microbial activity that occurs as the moisture content of the organic matrix decreases 
to sub-optimal values during treatment (Haug 1993; CA, 2001). Microbial activity is 
inhibited at moisture contents below 25 % and ceases altogether as the moisture content 
falls below 15 % (Schulze, 1962; Jeris and Regan, 1973). Although a disadvantage for 
composting organic waste, harnessing the metabolic heat generated by microbial 
activity to maximise dehydration is the main objective of biodrying MSW to produce 
SRF. However, the biodrying process may itself become inhibited as the moisture 
content of the waste decreases before the target value of <20 % is achieved, thus 
considerably increasing the processing time as, once microbial activity has stopped, 
further drying only occurs by passing ambient air through the waste. Laboratory-scale 
biodrying experiments of MSW in a static system with airflow inversion (Sugni et al., 
2005) showed that moisture content decreased at a relatively rapid rate from 40 % to 25 
% within 4 days. However, the rate of biodrying decreased considerably from this point 
and the processing time required to reduce the moisture content from 25 % to <20 % 
exceeded 5 days giving an overall residence time equivalent to 9 days. The retention 
time of the biodrying process has major implications for the size of plant required for 
treating MSW at industrial scale and, therefore, a key objective is to maintain the 
production of microbially generated heat at lower moisture values to maximise the rate 
of biologically mediated drying so as to minimize the process retention time. A novel 
strategy for alleviating moisture limitations and to accelerate the biodrying process was 
examined here. The approach adopted an alternating temperature strategy, rather than 
the conventional fixed temperature approach used for process control in conventional 
composting and biodrying processes (Adani et al., 2002; Sugni et al., 2005). Following 
this approach, the biomass temperature fluctuated between a predetermined minimum 
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and maximum temperature range to control and manage the physiological, thermal and 
moisture conditions within the rotary drum in a sequence of heating and cooling cycles. 
6.2 Materials and Methods 
The heating and cooling cycles strategy (see chapter 4.2.3) was investigated in a series 
of 3 bio-drying trials (A2, B2, C2). Feedstock with consistent composition (60 % food 
waste, 30 % paper, 10 % biodried product) was supplied to all the experiments and no 
pH manipulation was performed. The process parameters during the 3 bio-drying trials 
are shown in Table 6.1. The drum rotation controller was set to provide 2-h static 
periods followed by 10 min agitation sequences. Biomass temperature was recorded 
after each 10 min agitation sequence. The duration of the agitation phase was extended 
if the mean temperature was above the maximum predetermined value until the 
material had cooled to the minimum predetermined value. Airflow was increased from 
30 m3 If to 120 m3 11-1 if the temperature recorded after the 10 min agitation sequence 
exceeded the maximum value and was maintained at this level until the mean 
temperature inside the rotary drum decreased to the minimum predetermined value. 
Biomass temperature was controlled within the range 55-60 °C, 40-50 °C and 35-45 °C 
in Trials A2, B2 and C2, respectively. The effect of applying high airflow for a 
prolonged time to cool the material to the ambient temperature was also examined as a 
possible method to alleviate pH inhibition in the trial testing the high range temperature 
control conditions (A2). 
Table 6.1. Process parameters applied in rotary bio-drying Trials A2-C2 
Trial Biomass temperature (°C) 
Drum rotation frequency and 
speed Airflow (m3  
A2 55-60 10 min at 0.5 rpm every 2.2 h low 30 high 120 
B2 40-50 10 min at 0.5 rpm every 2.2 h low 30 high 120 
C2 35-45 10 min at 0.5 rpm every 2.2 h low 30 high 120 
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6.3.1 Temperature profiles 
The temperature profiles for the different temperature control regimes tested are 
presented in Figure 6.1. The predetermined temperature control range was 55-60 °C in 
Trial A2, however, the biomass temperature did not achieve the predetermined 
maximum value until 156 h after commencing the experiment, indicating process 
inhibition probably related to acidification. The temperature initially increased to 43 °C 
in less than 24 h, but remained approximately within the range 40 °C to 48 °C during 
the first 4 d of processing. Consequently, no cooling cycles occurred during this period 
and, on Day 5 the high airflow rate was applied manually to cool the material to 
approximately ambient levels. From this point biomass temperature increased 
consistently and achieved the maximum predetermined value of 60 °C after 46 h. 
Biomass temperature was subsequently controlled within the range 55-60 °C until the 
end of the experiment 
Figure 6.1. Effect of predetermined temperature control range on 
biodrying temperature profiles 
A2: drum rotation 10 min at 0.5 rpm every 2 h; temperature range 55-60 °C 
B2: drum rotation 10 min at 0.5 rpm every 2 h; temperature range 40-50 °C 
C2: drum rotation 10 min at 0.5 rpm every 2 h; temperature range 35-45 °C 
The temperature increased to 52 °C in less than 20 h in Trial B2 and exceeded the 
maximum control value of 50 °C indicating high microbial activity. From this point 
biomass temperature was accurately controlled within the predetermined temperature 
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range of 40-50 °C until the end of the experiment. The heating cycles increased in 
duration in the last 2 days of processing indicating the decline in microbial activity and 
rate of metabolic heat generation probably due to moisture limitation. In Trial C2 the 
temperature increased to the maximum predetermined value of 45 °C in less than 20 h 
and was controlled within the range 35-45 °C during most of the processing time. 
However, the temperature declined below 40 °C during the last day of processing 
indicating process inhibition associated with limiting biomass moisture content. 
6.3.2 Biodrying rates 
The feedstock, product moisture content and % total moisture removal (TMR) during 
the biodrying experiments are presented in Table 6.2. The data from trials C 1 and D1 
with equivalent constant temperature to the average value for trials B2 and C2 are 
included for comparison. The relationships between moisture content and time of 
processing were also tested by linear regression analysis and were highly statistically 
significant (Figure 6.2; Table 6.3). The results showed that BDR and TMR increased 
with decreasing average biomass temperature. 
Table 6.2. Effect of biomass temperature range on dehydration efficiency 
















A2 55-60 44.0 39.3 168 10.7 
B2 40-50 39.8 20.2 162 49.2 
C2 35-45 42.1 16.5 141 60.8 
Cl 45 40.5 24.7 168 39.0 
D1 40 42.0 19.3 168 54.0 
The largest TMR and BDR values were obtained for the lowest biomass temperature 
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respectively (Table 6.3 and Table 6.4). In contrast, the warmest biomass temperature 
conditions tested in Trial A2 (55-60 °C) gave the lowest overall TMR and BDR values, 
equivalent to 10.7 % and 0.026 % 1, respectively. The TMR and BDR measured 
during Trials B2 and C2 were also larger compared to the corresponding values 
obtained during Trials C1 and D1 (see Chapter 5), respectively, for the equivalent 
constant average temperatures. The TMR and BDR were increased in Trial B2 by 26 % 
and 24 % with the cyclical temperature regime compared to the equivalent constant 
temperature in Trial C 1. Similarly, the BDR during Trial C2 was 25 % higher 
compared to Trial D1 (Table 6.3). 
Figure 6.2. Linear relationships between moisture content and 
time of processing in the 2nd set of bio-drying experiments. 
A2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 55-60 °C 
B2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 40-50 °C 
C2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 35-45 °C 
The BDR was relatively consistent following a linear pattern during the total processing 
time in Trials A2 and B2 (Figure 6.2). However, three distinct periods with different 
BDR occurred in Trial C2. In this case, the BDR increased after the first 48 h to a 
maximum rate during Day 3 day of the experiment. In the following period the BDR 
declined and was almost negligible on the final day of the experiment, indicating 
process inhibition probably related to moisture limitations. 
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Table 6.3. Effect of temperature control strategy on biodrying rate (BDR) determined 







BDR 	 Regression 
(% moisture reduction III) equation constant r2 
10 min at 0.5 rpm 
A2 55-60 every 1 h -0.026 44.20 0.96 < 0,001 
10 min at 0.5 rpm 
B2 40-50 every 1 h -0.124 39.96 0.99 < 0,001 
10 min at 0.5 rpm 
C2 35-45 every 1 h -0.204 42.33 0.92 0.002 
10 min at 0.5 rpm 
Cl 45 every 1 h -0.100 39.99 0.97 0.001 
10 min at 0.5 rpm 
D1 40 every 1 h -0.151 42.64 0.99 < 0,001 
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6.3.3 pH profiles 
The pH profiles of the biodrying experiments are presented in Figure 6.3. A prolonged 
initial acidification period occurred in Trial A2. The pH of the material loaded into the 
rotary drum was equivalent to 6.4 and decreased to a minimum value of 5.6 during the 
first 2 d of processing. The pH rose only marginally during the following 2 d of 
processing. From this point the pH increased rapidly and then subsequently more 
slowly achieving a maximum value equivalent to 7.2 in the final product. 
In Trial B2 the pH of the waste loaded into the rotary drum was equivalent to 6.4 and 
remained above 6.0 during the total processing time. The pH of the processed material 
declined to a minimum value of 6.0 during the first 48 h of processing and then 
increased first slowly and then more rapidly achieving a maximum value equivalent to 
7.6 in the final product. 
An initial acidification period occurred in Trial C2 and the pH of the waste decreased 
from 6.0 to 5.7 during the first 48 h of processing. From this point the pH of the waste 
increased with variable rate, achieving a maximum value of 7 in the final product. 
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Figure 6.3. Effect of biomass temperature range on pH profiles 
during the rotary bio-drying process 
A2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 55-60 °C 
B2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 40-50 °C 
C2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 35-45 °C 
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6.3.4 Dry solids decomposition and microbial activity parameters 
The average DSDR and average OUR in the biodrying trials are presented in Table 6.4. 
The average DSDR and OUR obtained in Trials Cl and D1, with equivalent constant 
temperature to the average control temperatures applied in Trials B2 and C2, 
respectively, are also included for comparison. 
As expected from the biodrying profiles, the average DSDR and OUR increased with 
decreasing biomass temperature range. Consequently, the highest overall DSDR and 
OUR were obtained for Trial C2 (35-45 °C), equivalent to 1.2 g kg-1 DS 111 and 1.47 g 
02 kg -1 DS 111, respectively. In contrast, the lowest average DSDR and OUR were 
measured for the highest temperature condition in Trial A2, equivalent to 0.43 g kg -1  
DS 111 and 0.53 g 02 kg-1 DS h-1, respectively. Although biomass temperature in Trials 
C2 and D1 was controlled at the same average value (40 °C) the mean DSDR and OUR 
in Trial C2, with the cyclical control programme, were 20 % and 14 %, respectively 
higher compared to the constant temperature control regime in Trial DI. However, 
DSDR and OUR increased when the biomass temperature was controlled at a constant 
value equivalent to 45 °C (Trial C1) compared to cycling the temperature in the range 
40-50 °C at the equivalent mean temperature (Trial B2). 
The DS decomposition and OUR profiles of the biodrying trials are presented in Figure 
6.4 and Figure 6.5, respectively. The lowest DS decomposition and OUR values were 
measured in Trial A2 during the first 4 days of processing and this corresponded with 
the period of declining pH value from 6.5 to 5.3. The DS decomposition and OUR 
increased during the final 3 days of processing and the maximum OUR occurred in the 
final stage of the experiment when the biomass temperature increased to the maximum 
predetermined ceiling point value. 
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frequency and speed 
Mean DSDR 
(g kg' DS h'1) 
Mean OUR ($ 02 
kg-I DS If') 
10 min at 0.5 rpm 
A2 55-60 every 2.2 hours 0.43 0.53 
10 min at 0.5 rpm 
B2 40-50 every 2.2 hours 0.75 1.15 
10 min at 0.5 rpm 
C2 35-45 every 2.2 hours 1.2 1.47 
10 min at 0.5 rpm 
Cl 45 every 1.2 hour 0.95 1.31 
10 min at 0.5 rpm 
D1 40 every 1.2 hour 1.01 1.28 
Figure 6.4. Effect of biomass temperature range on dry solids 
decomposition profiles during rotary bio-drying MSW 
A2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 55-60 °C 
B2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 40-50 °C 
C2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 35-45 °C 
In Trial B2 DS decomposition and OUR were relatively high during most of the 
processing time. However, both parameters declined during the final 48 h of 
processing, indicating low microbial activity. In Trial C2, DS decomposition and OUR 
were low during the first 24 h of processing. However, decomposition and OUR 
increased to maximum values between Day 2-3. The DS decomposition and OUR 
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subsequently declined and to minimum values towards the end of the experiment. Low 
DS decomposition and OUR recorded in trials B2 and C2 at the end of each 
experimental period were probably related to the low moisture content limiting 
microbial activity. 
The relationship between OUR and DSDR was further examined by linear regression 
analysis (Figure 6.7) and was highly statistically significant (r2 = 0.66, P = 0.003). The 
slope of the regression equation showed that 1.03 g of 02 was consumed for each g of 
DS decomposed. 
Figure 6.5. Effect of biomass temperature range on oxygen uptake 
rate (OUR) profiles during the rotary bio-drying process 
A2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 55-60 °C 
B2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 40-50 °C 
C2: drum rotation 10 min at 0.5 rpm every 2.2 h; temperature range 35-45 °C 
Figure 6.6. Relationship between oxygen uptake rate (OUR) and 
dry solids decomposition rate (DSDR) during biodrying MSW: 
OUR = 1.25 DSDR+ 0.163, r2 = 0.66, P = 0.003 
124 
6.3.5 Bulk density (BD) and free air space (FAS) 
The BD and FAS of the feedstocks and final products are presented in Table 6.5. The 
BD of the feedstock was relatively consistent and was within the range 315-330 kg M-3 
(Table 6.5). The BD of the final product decreased in the trials with temperature control 
at lower values (B2 and C2), but increased at the highest biomass temperature (Table 
6.5), probably due to particle size reduction and limited moisture removal. Other factors 
relevant to BD and FAS refered in section 5.3.5 were not examined. 
The FAS of the feedstock supplied to the rotary drum in this set of experiments was 
within the range 58-64 % (Table 6.5), whereas FAS in the final product varied from 53-
68 %. FAS declined only in the trial with the highest biomass temperature (A2) and 
increased in the other two experiments (B2 and C2). Linear regression analysis showed 
a statistically significant relationship (P<0.01) between BD and FAS (Figure 6.7) and 














Figure 6.7. Relationship between bulk density (BD) and free air 
space (FAS): BD = -3.77 FAS+543.81, 1)=0.74, P <0.01 









Bulk density (kg m-3) Free air space (%) 







10 min at 
0.5 rpm 
A2 55-60 every 2.2 h 315 340 7.4 64 53 -20.8 
10 min at 
0.5 rpm 
B2 40-50 every 2.2 h 330 295 -11.9 62 64 3.1 
10 min at 
0.5 rpm 
C2 35-45 every 2.2 h 320 280 -14.3 58 68 14.7 
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6.3.6. Thermal efficiency 
The thermal efficiency of the cyclical temperature control regimes was calculated and is 
presented in Table 6.6; data for the thermal efficiencies of Trials C 1 and D1 are also 
included for comparison. 
Thermal efficiency increased with decreasing biomass temperature range. For example, 
the highest thermal efficiency occurred in Trial C2 with biomass temperature controlled 
in the lowest range (35-45 °C) and was equivalent to 4.5 g H2O g' DS decomposed. In 
contrast, increasing the biomass temperature to 55-60 °C (Trial A2) gave the lowest 
thermal efficiency overall equivalent to 3.6 g H2O g-i DS decomposed. 





















10 min at 0.5 rpm every 2.2 h 
10 min at 0.5 rpm every 2.2 h 
10 min at 0.5 rpm every 2.2 h 
10 min at 0.5 rpm every 1.2 h 






The average biomass temperatures in trials B2 and C2 were equivalent to the constant 
biomass temperature regime applied in trials C 1 and D1, respectively. However, the 
thermal efficiency of the cyclical temperature control strategy was significantly increased 
compared to maintaining the biomass temperature at a constant value (Table 6.5). This 
suggested that a larger proportion of the metabolically generated heat was utilized for 
water evaporation by the cyclical heating and cooling regime compared to maintaining 
the equivalent average constant biomass temperature. 
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6.3.7 Selected chemical characteristics and calorific value of SRF 
Selected chemical characteristics and the net calorific values of the end-products from the 
biodrying experiments are presented in Table 6.7. The results showed that the calorific 
value increased with decreasing biomass temperature range. Therefore, the largest 
calorific value was obtained in Trial C2, equivalent to 14.3 MJ kg -I (3420 kcal kg-I). In 
contrast, biodried product from Trial A2 had the smallest calorific value, equivalent to 
10.4 MJ kg-I (2487 kcal kg-I ). However, the end product generated during the Trial A2 
had the highest volatile solids content and lowest ash content. 
The heating and cooling cycle strategy increased the dehydration and, therefore, the 
calorific value of the end-product generated in trials B2 and C2 compared to the constant 
temperature approach tested in trials C 1 and D1, respectively. As may be expected, the 
fuel produced in trials B2 and C2 also had larger volatile solids and smaller ash contents 
compared to trials Cl and D1, respectively. 











(MJ kg 1)(MJ 
Dry ash free Volatile 	Ash Moisture 
	
Calorific 	solids 	content content Value 	(% dry 	(% dry 
kg-I) 	basis) 	basis) 	(%) 
10 min at 0.5 
A2 55-60 rpm every 1.2 h 10.4 19.8 88 11 39 
10 min at 0.5 
B2 40-50 rpm every 1.2 h 13.9 20.0 86.5 12.3 20 
10 min at 0.5 
C2 35-45 rpm every 1.2 h 14.3 20.0 86 13.4 16.5 
10 min at 0.5 
C 1 45 rpm every 1.2 h 12.4 19.5 85.5 13.8 24.7 
10 min at 0.5 
D1 40 rpm every 1.2 h 13.1 19.2 84.8 14.4 19 
ar: as received 
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6.4 Discussion 
The biodrying experiments showed that adopting a heating and cooling cycle increased 
the efficiency of the rotary biodrying process compared to a conventional static control 
temperature approach. Accelerated drying was achieved by this approach compared to 
controlling the temperature at the equivalent average but constant value (Table 6.2). The 
waste was more frequently agitated with constant biomass temperature, but biodrying rate 
was not enhanced by increased waste agitation. This is the first time a heating and 
cooling cycle approach has been applied to biodrying MSW for SRF production. 
The higher BDR in Trial C2 (35-45 °C), compared to Trial Dl (40 °C), can be attributed 
to the improved thermal efficiency and higher average DSDR obtained with the cyclical 
temperature control strategy compared to the constant process temperature (Table 6.3 and 
Table 6.5). Trial B2 (40-50 °C) also achieved a higher BDR compared to Trial Dl (45 °C) 
(Table 6.4)]. Trial B2 was also more thermally efficient overall compared to Trial Dl 
(Table 6.6). The DSDR measured for Trial B2 was generally larger compared to Trial 
D1, but the DSDR decreased during the last 2 days of processing due to moisture 
limitation (resulting from improved dehydration in Trial B2 compared to Trial DI), 
which reduced the overall average result compared to Trial D 1. Indeed, restricting the 
average DSDR calculation to the main active biodrying phase of Trial B2 gave a more 
representative estimate equivalent to 1.1 g kg-i DS 11-1 for the initial 5 day period of the 
experiment, indicating that the DSDR was also increased compared to Trial Dl. 
The most rapid BDR occurred in the lowest temperature range of 35-45 °C (Table 6.2). 
The increased BDR in Trial C2 compared to Trial B2 and A2 was strongly related to the 
greater DSDR (Table 6.4) and improved thermal efficiency in this Trial (Table 6.6) 
compared to Trials B2 (40-50 °C) and A2 (55-60 °C). 
Acidification occurred to the greatest extent in Trial A2 with the highest biomass 
temperature (Figure 6.5). This response was consistent with other results reported in this 
thesis (eg see Chapter 5) and in the literature, where waste became more acidified when 
the temperature was controlled in the thermophilic range (Day et al., 1998; Schloss and 
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Walker, 2000; Weppen, 2001; Beck Friis et al., 2003; Sundberg et al., 2004). Process 
acidification causes significant microbiological inhibition and both DSDR and OUR were 
always reduced under these conditions. However, the results presented here show that the 
pH declined only marginally with temperature cycling and, in trials B2 and C2, no acid 
inhibition occurred despite the temperature increasing up to 50 °C during Trial B2. A 
possible explanation is that rapid cooling to 40 °C resulted in evaporation of the short 
chain fatty acids, which are responsible for acidification (Beck Friis et al., 2003; 
Sundberg et al., 2004). Furthermore extended aeration periods with high airflow and 
agitation during cooling cycles created a well aerated environment resulting in less acid 
production and promoted the volatilization VFA compounds (Beck Friis et al., 2003). 
Cooling to mesophilic temperatures and break-down of organic acids by mesophilic 
microorganisms, which are more acid tolerant compared to thermophiles, are other 
possible reasons that acidity did not develop in the biodrying waste (Sundberg et al., 
2004). This evidence is further supported by the fact that, in Trial A2, cooling the waste 
manually to ambient temperatures by a prolonged cooling cycle with a high airflow rate 
rapidly increased the pH value and alleviated the apparent acid inhibition (Figure 6.4). 
Although biomass temperature was controlled at the same average value in trials C2 (35-
45 °C) and D1 (40 °C), average DSDR and OUR values were higher in Trial C2. In 
addition, DSDR and OUR were larger and were maintained in Trial B2 (40-50 °C) 
compared to Trial C 1 (45 °C) as the moisture content declined to potentially 
microbiologically limiting values <30 % (Figures 5.2, 5.5, 6.6 and 6.5). These 
observations suggested that the heating and cooling cycle strategy was less susceptible to 
moisture limitation compared to maintaining constant biomass temperature with a 
relatively consistent airflow and atmospheric environment in the drum. This may be 
explained because the low airflow applied during heating cycles allows the atmosphere 
within the drum to become saturated with water vapour, causing condensation and 
rewetting of the surface of the waste particles where the majority of microbial activity 
occurs (Haug, 1993). Consequently, relatively high rates of microbial activity are 
maintained at sub-optimal moisture contents. 
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The DSDR and OUR increased with decreasing biomass temperature range. This 
observation is generally consistent with the scientific literature, which suggests the 
optimum temperature for microbial activity in composting processes, for example, is 45 
°C (Walter et al., 1989). The low DSDR and OUR in Trial A2 can be attributed to 
acidification. However, it is not clear why DSDR and OUR were increased by the cooler 
35 — 45 °C temperature control range (Trial C2) compared to the expected optimal range, 
40 — 50 °C (Trial B2), since no acidification occurred in either of these trials. 
The thermal efficiency obtained by the heating and cooling cycle strategy (Trial B2 and 
C2) was considerably improved compared to controlling the biomass temperature at 
constant values. A possible explanation for this behaviour is that metabolically generated 
heat is stored in the waste during the heating cycles and heat losses are reduced due to 
less frequent agitation (Haug, 1993). The stored heat was then efficiently utilized for 
water evaporation during the extended agitation sequences (cooling cycles). Controlling 
the average temperature at a constant value required more frequent agitation and 
increased the number of extended cooling cycles increasing the heat transfer from the 
waste to the body of the drum. Consequently the temperature of the outer surface of the 
drum was warmer during most of the processing time in trials operated at constant 
biomass temperature compared with cycling the biomass temperature, increasing radiant 
heat losses. This was supported by temperature recordings using an infrared thermometer 
(Infrared tec Microray, UTECO 2003). 
The improved thermal efficiency of the cyclical temperature regime is also due to the 
faster drying time, which reduced the opportunity for heat losses from the process. The 
thermal conductivity of MSW is largely dependent on the amount of water contained in 
the waste and increases considerably as the moisture content is increased (Haug, 1993). 
Therefore, rapid biodrying reduced the thermal conductivity of the waste minimizing the 
extent of the conductive heat losses. 
Another explanation is that the higher DSDR was the main reason for the improved 
thermal efficiency of the temperature cycling regime. Heat was transferred to the outer 
surface of the drum by conduction and dissipated to the external environment mainly by 
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radiation. Conductive heat transfer depends on the thermal gradient, thermal conductivity 
of the waste, thermal conductivity of the body of the drum and time (see Chapter 2.5.2) 
and is therefore independent of the amount of heat that is generated from metabolic 
activity within the reactor. Increasing DSDR releases more energy without affecting the 
amount of heat that is dissipated from the drum, and therefore the fraction of 
metabolically generated heat that is lost becomes smaller. In addition, reduced bio-drying 
times shorten the period when thermal gradients exist between the inside of the drum and 
the outer environment. Therefore conductive heat transfer to the surface of the drum 
declines and heat losses are reduced. 
The thermal efficiency was also increased by decreasing biomass temperature (Table 
6.6). This can also be attributed to lower radiant heat losses from the surface of the rotary 
drum, due to the smaller thermal gradients that would exist between the inside of the 
drum and the outside environment. 
The BD of the final product generated in Trials B2 and C2 was smaller compared to the 
feedstock, whereas the FAS of the final product was higher compared to the material 
loaded into the drum. In contrast BD increased and FAS declined in Trial A2 (Table 6.4). 
This can be attributed to poor dehydration of the waste during Trial A2 compared to 
Trials B2 and C2. 
The calorific value of the fuel produced using heating and cooling cycles increased with 
decreasing biomass temperature and this was related to the improved dehydration and 
lower moisture content of the fuel (Table 6.7). In addition, the calorific values of the fuel 
generated in Trials B2 (40-50 °C) and C2 (35-45 °C) were larger compared to Trials Cl 
(45 °C) and DI (40 °C), respectively. This is explained by the smaller moisture content of 
the final product generated with temperature cycling compared to controlling the biomass 
temperature at a constant value. Furthermore, the improved thermal efficiency of 
temperature cycling increased the volatiles solids and concomitantly lowered the ash 
contents of fuel produced in Trials B2 and C2 compared to Trials Cl and Dl. 
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CHAPTER 7 
EFFECT OF AGITATION STRATEGY ON BIODRYING MSW PROCESS 
7.1 Introduction 
Agitation is another important management factor to maintain high rates of microbial 
activity during composting and biodrying of biodegradable wastes (see Chapter 3.4.8). 
Agitation facilitates the dispersion of microorganisms and also reduces spatial gradients 
of moisture and temperature which are apparent in static or daily mixed in-vessel reactors 
(Walker et al., 1999). Mixing also accelerates drying of the waste, and therefore could be 
beneficial for the biodrying process (Walker et al., 1999). Although there is some 
information in the literature relevant to the effect of mixing on composting processes, 
existing biodrying system rely on a static bay approach (Adani et al., 2000, Sugni et al., 
2005) and therefore, the effect of agitation on the biodrying process has not been 
investigated. The series of experiments described the effects of agitation on the rotary 
biodrying process and the efficiency of moisture loss from the system. 
7.2 Materials and Methods 
The effect of agitation on the biodrying process was investigated in 8 experiments 
treating 1 t of material of consistent composition (60 % food waste, 30 % paper, 10 % 
bio-dried recycled product) in each trial. No other intervention to manage the pH 
conditions occurred. The biodrying process was manually controlled in trials A3, B3, C3 
and D3. In contrast an automated control strategy was applied in trials E3, F3, G3 and H3 
using a Programmable Logic Controller (PLC). Trials A3 and B3 examined periodic 
agitation on a single occasion and on three times per day, respectively (Table 7.1). 
Frequent periodic agitation was not practicable by manual control, however, since this 
required full-time attendance at the bio-reactor. Periodic agitation, therefore occurred 
only during the day-time period, to coincide with high temperatures. Increased airflows 
rates were applied during agitation to cool the waste to a minimum temperature value, 
and also to aerate the material. In Trial A3 mixing of the material was applied at 14:00 to 
coincide with the highest ambient temperature. In Trial B3, agitation was applied three 
times per day at 11:00, 15:00 and 18:00 to cool the material to 45 °C. Trials C3 and D3 
were conducted with continuous agitation with different rotation speeds of the drum (0.5 
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rpm and 1 rpm, respectively) and constant airflow, equivalent to 60 m3 11-1 in both trials 
(Table 7.1). 
Table 7.1. Process parameters applied in rotary biodrying Trials A3-H3 
Trial Biomass Temperature (°C) 
Drum Rotation Speed and 

















1 time at 0.5 rpm per day 
3 times at 0.5 rpm per day 
continuous at 0.5 rpm 
continuous at 1 rpm 
10 min at 0.5 rpm every 5.2 h 
10 min at 0.5 rpm every 3.2 h 
10 min at 0.5 rpm every 1.2 h 
continuous at 0.5 rpm 
low 30 high 120 
low 30 high 120 
60 
60 
low 30 high 120 
low 30 high 120 
low 30 high 120 
low 30 high 120 
In Trials E3-H3, biomass temperature was controlled within a range between 35 °C and 
45 °C following the optimum heating and cooling cycle temperature regime defined in 
Chapter 6. Static periods (no drum rotation) of 5 or 3 or 1 h duration were followed by 10 
min agitation sequences in trials E3, F3 and G3, respectively. The mean biomass 
temperature inside the reactor was recorded after each 10 min agitation sequence. If the 
biomass temperature recorded after each agitation sequence exceeded the predetermined 
ceiling point value of 45 °C, then the duration of the agitation sequence was extended by 
the PLC and airflow increased from 30 m3 111 to 120 m3 h-1, thus initiating a cooling 
cycle. The duration of the cooling cycle were not pre-determined in this case and drum 
rotation and high airflow were maintained for as long as was necessary to reduce the 
temperature inside the reactor to the minimum set-point value of 35 °C. In contrast 
continuous rotation operated in Trial H3; airflow was supplied at a rate 30 m3 h-1 during a 
heating cycle, and was increased to 120 m3 11-1 during a cooling cycle (Table 7.1). 
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7.3 Results 
7.3.1 Temperature profiles 
The temperature profiles of trials A3, B3, C3 and D3, comparing different manual 
agitation regimes are shown in Figure 7.1a. The temperature profiles of trials E3, F3, G3 
and H3, comparing different automated agitation regimes, are shown in Figure 7.1b. The 
temperature increased rapidly from 20 °C to 56 °C during the first 23 h of Trial A3. After 
this period the material was cooled to 45 °C by mixing and applying a high airflow rate. 
However, following the manual intervention to cool the material, the temperature 
declined slowly over approximately a 24 h period and reached a minimum value of 30 °C 
after 49 h from commencing the experiment. The temperature subsequently increased to 
56 °C over the following 70 h period. From this point the temperature was maintained at 
or above 45 °C by manually controlled agitation and aeration once a day. Maximum 
temperatures recorded before mixing the material ranged from 63 °C initially to 48 °C at 
the end of the process. 
In trial B3 the temperature remained relatively consistent during the first 46 h at 
approximately 30 °C. After this period, the temperature increased to maximum value of 
53 °C after 89 h from commencing the process. After this period, the temperature 
remained above 45 °C. Three maximum temperature peaks per day were observed on 
most days of operation. The highest temperature values did not always coincide with the 
time-based mixing regime, however, since, in some circumstances, the temperature 
continued to rise to the maximum value several h after mixing had commenced. In 
addition, during day 5 and 6 only two mixing events occurred, since the time required to 
cool the material to 45 °C in the first mixing period, which commenced at 11:00 was 
more than 3 h, reflecting a high rate of microbial activity. The highest temperatures were 
recorded during the morning due to the extended static period overnight between the final 
agitation of each day at 18:00 and the first agitation of the next day at 11:00. Maximum 
temperatures (61-62 °C ) were observed during the second week of the process. In both 
trials with periodic agitation (A3 and B3) an initial inhibition of the process was observed 
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Agitation was applied continuously during Trial C3. The temperature rose to 55 °C 
during the initial 36 h, but this was followed by a period of rapid cooling to 
approximately 20 °C within 13 h. After this period, however temperatures increased and 
followed a diurnal pattern ranging from approximately 40 °C to 50 °C. 
(a) Manual control 
(b) Automatic control 
Figure 7.1 Effect of agitation regime on rotary biodrying process 
temperature 
profile 
A3: drum rotation 1 time per day at 0.5 rpm; min target temperature 45 °C 
B3: drum rotation 3 times per day at 0.5 rpm; min target temperature 45 °C 
C3: continuous drum rotation at 0.5 rpm; constant airflow (60 m3 If') 
D3: continuous drum rotation at 1 rpm; constant airflow (60 m3 h- ') 
E3: drum rotation 10 min at 0.5 rpm every 5.2 h; temperature range 35-45 °C 
F3: drum rotation 10 min at 0.5 rpm every 3.2 h; temperature range 35-45 °C 
G3: drum rotation 10 min at 0.5 rpm every 1.2 h; temperature range 35-45 °C 
H3: continuous drum rotation at 0.5 rpm; temperature range 35-45 °C 
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In Trial D3 the temperature increased to 51 °C during the first 24 h and remained at a 
relatively steady value for a period of 12 h. During the following 46 h the temperature 
followed a diurnal pattern ranging from 50 °C to 60 °C. After this period the temperature 
declined consistently to reach a value of 40 °C, 98 h after commencing the trial. The 
temperature remained relatively consistent ranging between 40 °C and 44 °C during the 
following 48 h and then declined further to approximately 25 °C within a week after 
commencing the process, remaining at this level for the remaining period of the trial. 
In Trial E3 the temperature increased to approximately 35 °C during the first 24 h and 
remained at this value for a 10-hour period. The temperature subsequently declined to a 
minimum value of approximately 25 °C in 13 h, indicating low microbial activity. After 
this period the temperature increased slowly to 30 °C in 16 h and then rapidly to 47 °C in 
12 h. From this point the biomass temperature was controlled by the feedback aeration 
and agitation system within a range from 35 °C to 45 °C. However, biomass temperatures 
exceeded the predetermined ceiling point value of 45 °C in some circumstances and the 
temperature declined below the minimum set point value of 35 °C at one instance. 
In Trial F3, biomass temperature increased rapidly to 49 °C exceeding the predetermined 
ceiling point value of 45 °C within the first 24 hours, indicating rapid decomposition of 
organic matter. The material was subsequently cooled to 35 °C by the automatic feedback 
aeration and agitation system, and then increased slowly to 46 °C in approximately 24 h. 
From this point the temperature was controlled by the automatic feedback system within 
a range from 35 °C to 45 °C following cooling and heating cycles until the end of the 
process. The duration of the heating cycles was shorter compared to Trial E3 indicating 
higher rates of microbial activity. 
In Trial G3, biomass temperature increased rapidly to 46 °C within 12 h and was 
controlled within a range from 35 °C to 45 °C during the first 3 d of processing. During 
this period the duration of heating cycles was shorter compared to trials E3 and F3 
indicating faster rates of microbial activity. However, during the final 24 h of the 
experiment, the temperature remained relatively constant at approximately 38 °C 
probably due to moisture limitation of microbial activity. 
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In Trial H3, the temperature increased to 45 ° C in 20 h. The airflow was increased from 
30 to 120 m3 1-11 at this stage, commencing a cooling cycle, however, the temperature 
remained at this value for over 10 h before declining slowly to 35 °C in 11 h due to high 
rates of microbial activity. The temperature was controlled within the pre-determined 
range of 35 °C to 45 °C for the following 26-h period, and susbsequently remained within 
a range from 35 °C to 40 °C until the end of the experiment probably due to process 
inhibition by moisture limitations. 
7.3.2 Biodrying rates 
The moisture content of the feedstocks and final products, the retention time and % TMR 
are presented in Table 7.2. The relationship between moisture content and processing 
time in the eight biodrying trials was also examined by linear regression analysis (Table 
7.3 and Figure 7.2) and strong linear relationships were observed between moisture 
content and time. In general BDR and TMR were considerably higher in the trials that 
were automatically controlled (E3-H3) compared to the manually performed Trials (A3-
D3). 
High BDR and TMR (equivalent to 0.104 % moisture reduction If and 51.5 %) were 
observed in the manually controlled experiment with continuous drum rotation at 0.5 rpm 
(Trial C3); these values were almost 3-4 times larger compared to the other manually 
controlled trials and were also greater than for several of the automatically controlled 
biodrying trials (Table 7.2 and 7.3). BDR and TMR increased with increasing agitation 
frequency during the automatically controlled trials and the highest BDR and TMR 
(equivalent to 0.22 % moisture reduction per hour and 53.2 %) occured in Trial H3 with 
continuous rotation of the drum at 0.5 rpm (Table 7.2 and Table 7.3). BDR and TMR 
also generally increased with increasing agitation frequency during the manually 
controlled experiments. However, during Trial D3 BDR and TMR were smaller 
compared to trials B3 and C3, which may be attributed to increased heat losses from the 
continuously rotating drum rotation at relatively high speed equivalent to 1 rpm (Table 
7.2 and 7.3). 
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BDR varied throughout most of the biodrying experiments (Figure 7.2). The overall 
BDRs were generally slower in manually controlled Trials with periodic agitation (A3 
and B3), and as maybe expected declining dehydration rates corresponded with low 
biomass temperature, particularly at the commencement of the trials. 
During Trial C3 BDR was relatively consistent during the total processing time and 
moisture content decreased to below 20 % within 7d. The process was stopped at this 
point since the moisture content of the waste had attained the target value to be suitable 
for use as a fuel in cement manufacture (see Chapter 3). 
In Trial D3, relatively rapid drying occurred during the first 4 d. However, this rapid 
drying phase was followed by a 10 d period with much lower dehydration rates, which 
corresponded to the low biomass temperatures observed during this period (Figure 7.2). 
BDRs were relatively slow and similar in trials E3 and F3, for the initial 96 h, but 
dehydration increased after this period, particularly in trial F3. A second phase with 
considerably higher biodrying rate subsequently occurred in both trials (Figure 7.2). The 
biodrying profile of trials G3 and H3 was similar and showed a rapid and consistent rate 
of dehydration, for the first 3 d period followed by a lower biodrying rate due probably to 
moisture limitation of microbial activity (Figure 7.2). 
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1 time per day at 
A3 > 45 0.5 rpm 42.0 32.1 336 23.6 
3 times per day at 
B3 > 45 0.5 rpm 41.3 28.1 336 32.0 
C3 uncontrolled continuous 0.5 rpm 40.0 19.4 192 51.5 
D3 uncontrolled continuous 1 rpm 42.1 33.6 336 20.2 
10 min at 0.5 rpm 
E3 35-45 every 5.2 hours 44.1 31.8 167 27.9 
10 min at 0.5 rpm 
FE 35-45 every 3.2 hours 43.3 26.0 166 40.0 
10 min at 0.5 rpm 
G3 35-45 every 1.2 hour 
continuous at 0.5 
39.3 19.8 94 49.6 
H3 35-45 rpm 40.2 18.8 94 53.2 
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Table 7.3 Biodrying rates (BDR) determined by linear regression analysis of the relationship between 




1 time per day at 0.5 
A3 	> 45 	 rpm 
3 times per day at 0.5 
B3 	> 45 	 rpm 
C3 	uncontrolled 	continuous 0.5 rpm 
D3 	uncontrolled 	continuous 1 rpm 
10 min at 0.5 rpm 
E3 	35-45 	every 5.2 hours 
10 min at 0.5 rpm 
FE 	35-45 	every 3.2 hours 
10 min at 0.5 rpm 
G3 	35-45 	every 1.2 hour 
continuous at 0.5 
H3 	35-45 	 rpm 
BDR 
(% moisture reduction 11-1) 
Regression 
constant r2 P 
0.026 41.63 0.993 <0.001 
0.038 43.66 0.863 0.002 
0.104 42.35 0.995 <0.001 
0.036 40.81 0.808 0.006 
0.068 44.93 0.925 0.002 
0.103 46.75 0.856 0.003 
0.2 38.17 0.973 <0.001 
0.22 38.98 0.956 <0.001 
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Figure 7.2 Linear relationships between moisture content and time 
of processing 
A3: drum rotation 1 time per day at 0.5 rpm; minimum target temperature 45 °C 
B3: drum rotation 3 times per day at 0.5 rpm; minimum target temperature 45 °C 
C3: continuous drum rotation at 0.5 rpm; constant airflow (60 m3 111) 
D3: continuous drum rotation at 1 rpm; constant airflow (60 m3 h-1) 
E3: drum rotation 10 min at 0.5 rpm every 5.2 h; temperature range 35-45 °C 
F3: drum rotation 10 min at 0.5 rpm every 3.2 h; temperature range 35-45 °C 
G3: drum rotation 10 min at 0.5 rpm every 1.2 h; temperature range 35-45 °C 
1-13: continuous drum rotation at 0.5 rpm; temperature range 35-45 °C 
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7.3.3 pH profiles 
The pH profiles of the manual and automatically controlled biodrying trials are shown in 
Figure 7.3. The pH of the feedstock in trials A3 and C3 was equivalent to 6.0 and 6.3, 
respectively. Acidification initially occurred in both trials and the pH of biomass 
decreased to approximately 5 within 48 h. After this point the pH of the material 
increased rapidly and then more slowly. The pH of the feedstock was acidic in Trial B3 
(pH = 5.3) and decreased only slightly during the first day of processing to a value 
equivalent to 5.2. After this short acidification phase the pH increased continuously until 
the end of the experiment. In Trial D3 the pH of the feedstock decreased from 6.5 to 6.0 
during the first 3 d and subsequently increased, but at a progressively slower rate until the 
end of the experiment. The pH value of treated product at the completion of all the 
manual agitation trials was 8.0. 
Acidification occurred during the first 24-48 h period in all the automatically controlled 
experiments (Figure 7.3 b). The general patterns in pH values observed for the 
automatically controlled regimes E3 and F3, and also for G3 and H3, were broadly 
similar. Thus, reduced agitation frequency, reduced the pH value to a greater extent 
compared to more frequent drum rotation (G3 and H3). The pH of the feedstock in trials 
E3 and F3 the pH of the feedstock was equivalent to 5.6 and 6.1, respectively and 
decreased to a value of approximately 5.0 and 5.2, within the first 24 h and remained 
relatively constant at these values for a further 24 h. The pH values subsequently 
increased achieving maximum values of 7.0-7.3 in the final product. In trials G3 and H3, 
pH decreased from 6.2-6.3 to a minimum value of 5.7-5.8 during the first 48 h and then 
increased to 6.8-7.1 in the following processing period. 
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Figure 7.3 Effect of agitation regime on pH changes during the rotary 
biodrying process 
A3: drum rotation 1 time per day at 0.5 rpm; minimum target temperature 45 °C 
B3: drum rotation 3 times per day at 0.5 rpm; minimum target temperature 45 °C 
C3: continuous drum rotation at 0.5 rpm; constant airflow (60 m3 h-1) 
D3: continuous drum rotation at 1 rpm; constant airflow (60 m3 If) 
E3: drum rotation 10 min at 0.5 rpm every 5.2 h; temperature range 35-45 °C 
F3: drum rotation 10 min at 0.5 rpm every 3.2 h; temperature range 35-45 °C 
G3: drum rotation 10 min at 0.5 rpm every 1.2 h; temperature range 35-45 °C 
H3: continuous drum rotation at 0.5 rpm; temperature range 35-45 °C 
7.3.4. Dry solids decomposition and microbial activity parameters 
Table 7.4 presents the average DSDR in the manually and automatically controlled trials 
and the OUR for the automated regimes. The results show that increasing the frequency 
144 
of agitation increased the DSDR and the highest value was obtained with continuous 
drum rotation at a rate of 0.5 rpm with automatic temperature feedback control (Trial 
H3). As would be expected the OUR also increased with increasing agitation frequency 
during the automatically controlled experiments. The highest mean DSDR and OUR 
values were observed with continuous drum rotation and these were equivalent to 2.36 g 
kg-1 DS h-1 and 2.71 g 02 kg-1 DS WI, respectively in Trial H3. Increasing agitation 
frequency from 1 time per day in Trial A3 to continuous at 0.5 rpm in Trial C3 also 
resulted in increased DSDR during the manually performed Trials. However, the results 
of the manually controlled conditions showed that increasing the rotation rate to 1 rpm 
(Trial D3) reduced the DSDR compared to continuous or frequent intermittent agitation 
(Trial B3) at a slower rotation speed equivalent to 0.5 rpm 
Table 7.4. Effect of agitation regime on average dry solids decomposition rate 





frequency and speed 
Mean DSDR Mean OUR 
(g kg-1 DS 11-1) 	(g 02 kg-' DS 111) 









H3 35-45  
1 time per day at 0.5 
rpm 
3 times per day at 0.5 
rpm 
continuous 0.5 rpm 
continuous 1 rpm 
10 min at 0.5 rpm 
every 5.2 h 
10 min at 0.5 rpm 
every 3.2 h 
10 min at 0.5 rpm 
every 1.2 h 
continuous at 0.5 rpm 
	


















NA: not available 
The dry solids decomposition profiles for the different agitation conditions and process 
control strategies are shown in Figure 7.5. The OUR profiles for the automatically 
controlled biodrying experiments are presented in Figure 7.6. Decomposition rates 
varied during the course of each experiment but were generally more consistent in the 
automatically managed regimes with time-based agitation and temperature feedback 
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control compared to the manual strategy. Dry solids decomposition was relatively 
consistent throughout the processing period in trials A3 and B3 with the fixed-time 
agitation control and minimum temperature of 45 °C. However, the results indicated that 
DSDR increased after 216 h with more frequent agitation (Trial B3; 3 times per day) 
compared to only rotating the drum on a single occasion each day (Trial A3). Continuous 
agitation without automated temperature feedback control increased the rate of dry solids 
destruction compared to fixed time systems but this occurred at a faster rate initially and 
was maintained for a larger period until the end of the experimental period at the slower 
drum rotation speed (0.5 rpm) compared to the faster rotation condition (1 rpm). 
Three distinct periods with different DS decomposition occurred in Trial C3: a 48-hour 
period with high DS decomposition, a second 48-hour period when little DS destruction 
took place and a final period when the highest DS decomposition was observed. The slow 
down in DS decomposition corresponded with the low temperature conditions that 
occurred during this period, due to process acidification when the pH declined to a 
minimum value of 5 (Figure 7.1 and Figure 7.3). A similar decline in DS decomposition 
was also observed in Trial D3, with the faster rotation speed. This also coincided with 
cooler temperature conditions in the drum but there was no evidence of severe 
acidification in this case (Figure 7.1 and Figure 7.3). 
Trials E3 and F3 were characterized by slow initial DS decomposition and OUR for 72 h, 
which corresponded with acidic pH and low temperature conditions measured in the 
biomass and drum during this period (Figure 7.1 and Figure 7.4). After this initial phase, 
the DS decomposition and OUR increased. However, the extent of the process inhibition 
was reduced with increasing frequency of agitation. Thus, much greater DS 
decomposition and OUR occurred in trials D3 and H3 with the largest overall values 
occurring with continuous rotation combined with feedback control of the temperature 
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Figure 7.4. Effect of agitation regime on dry solids decomposition 
profiles during rotary biodrying 
A3: drum rotation 1 time per day at 0.5 rpm; minimum target temperature 45 °C 
B3: drum rotation 3 times per day at 0.5 rpm; minimum target temperature 45 °C 
C3: continuous drum rotation at 0.5 rpm; constant airflow (60 m3 h-') 
D3: continuous drum rotation at 1 rpm; constant airflow (60 m3 h-1) 
E3: drum rotation 10 min at 0.5 rpm every 5.2 h; temperature range 35-45 °C 
F3: drum rotation 10 min at 0.5 rpm every 3.2 h; temperature range 35-45 °C 
G3: drum rotation 10 min at 0.5 rpm every 1.2 h; temperature range 35-45 °C 
H3: continuous drum rotation at 0.5 rpm; temperature range 35-45 °C 
During the final 24 h periods of both these experiments the DS decomposition and OUR 
declined probably due to moisture limitation and decreasing availability of readily 
degradable organic matter for microbial activity. The relationship between OUR and DS 
decomposition in the automatically controlled experiments was further examined by 
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linear regression analysis and was highly statistically significant (r2 = 0.86, P = 0.002). 
The slope of the regression equation indicated that 1.13 g of 02 was consumed for each g 
of dry solids decomposed. 
Figure 7.5. Effect of agitation regime on rotary biodrying 
process oxygen uptake rates 
E3: drum rotation 10 min at 0.5 rpm every 5.2 h; temperature range 35-45 °C 
F3: drum rotation 10 min at 0.5 rpm every 3.2 h; temperature range 35-45 °C 
G3: drum rotation 10 min at 0.5 rpm every 1.2 h; temperature range 35-45 °C 
H3: continuous drum rotation at 0.5 rpm; temperature range 35-45 °C 
Figure 7.6. Relationship between oxygen uptake rate (OUR) 
and dry solids decomposition rate (DSDR): 
OUR = 1.03 DSDR+ 0.126, r2 = 0.86, P = 0.002 
7.3.5 Bulk density (BD) and free air space (FAS) 
The BD and FAS changes of MSW in the 8 biodrying trials are presented in Table 7.5. 
The BD of the feedstocks supplied to the biodrying trials was relatively consistent within 
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the range 290-355 kg M-3. However, the BD values of the final products were more 
variable ranging from 240 kg M-3 to 450 kg M-3. 
The BD of the final product both increased and decreased in response to different 
agitation regimes tested. In general increasing the frequency of agitation reduced the 
final BD and this was most consistently obtained with the automatic time-based control 
strategies. However, there was no additional reduction in BD observed with continuous 
agitation (H3) compared to rotating the drum hourly (Trial G3). The results from the 
manually controlled experiments were more difficult to interpret and a single rotation 
daily (Trial A3) gave a similar reduction in BD (17-19 %) compared to continuous 
agitation at the same drum speed Trial C3. Furthermore, the intermediate manual regime 
(Trial B3) increased the BD values to 10 %, compared to the input feedstock. However a 
deviation of 10 % is probably within the expected experimental error of BD values 
measured at this scale. The most aggressive agitation regime tested in Trial D3 (1 rpm 
continuously) increased the final BD by 20 % compared to the initial feedstock value. 
The FAS of the feedstocks was within the range 57-67 % and, similar to the BD, the 
variability in FAS measurement increased in the final product and ranged from 44-70 % 
(Table 7.5). The relationship between BD and FAS was tested by linear regression 
analysis showing a statistically significant relationship between the two parameters 
(Figure 7.7). As expected the value of the regression coefficient of the parameter FAS 
was negative supporting that BD declined with increasing FAS (Figure 7.7). Free air 
space in the final product was marginally larger and increased compared to the feedstock 
in the manually controlled biodrying trials adopting a rotation speed of 0.5 rpm and with 
increasing frequency of agitation. However, in Trial D3 with continuous drum rotation at 
a speed equivalent to 1 rpm, FAS declined by 40 %. In the automatically controlled 
experiments, FAS decreased in trials with less frequent agitation (E3 and F3) and 
increased during trials with more frequent agitation (G3 and H3). 
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A3 > 45 
B3 > 45 
C3 > 45 








1 time at 0.5 rpm 
per day 
3 times at 0.5 
rpm per day 
continuous at 0.5 
rpm 
continuous at 1 
rpm 
10 min at 0.5 
rpm every 5.2 h 
10 min at 0.5 
rpm every 3.2 h 
10 min at 0.5 
rpm every 1.2 h 
continuous at 0.5 
rpm 
Bulk density (kg m-3) Free air space (%) 





305 255 -19.6 67 69 2.9 
350 390 10.3 57 61 6.6 
340 290 -17.2 64 70 8.6 
360 450 20.0 62 44 -40.9 
310 325 4.6 59 54 -9.3 
290 275 -5.5 65 62 -4.8 
320 240 -33.3 60 63 10.3 
310 270 -14.8 57 61 6.6 
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Figure 7.7. Relationship between bulk density (BD) and free air 
space (FAS): BD = -6.71 FAS+ 739. r2 = 0.52, P = 0.02 
7.3.6 Thermal Efficiency of Different Trials 
The thermal efficiencies of the different biodrying agitation regimes are shown in Table 
7.6. The results indicated that thermal efficiencies declined with increasing agitation 
frequency. The highest thermal efficiency was measured for Trial A3 with the lowest 
frequency of agitation of once a day and this was equivalent to 4.3 kg H2O kg -1 DS 
decomposed. In contrast, the lowest thermal efficiency occurred in Trial D3 with 
continuous drum rotation at a speed equivalent to 1 rpm and in this case the rate of water 
removal was equivalent to 2.6 kg H2O kg-1 DS decomposed. 
7.3.7 Physical characteristics and calorific value of final product 
The physical characteristics and calorific value of the final product generated in the eight 
biodrying trials are summarized in Table 7.7. The highest calorific value equivalent to 
14.4 MJ kg -1 (3450 kcal kg-1) was obtained with hourly agitation and temperature 
feedback control regime. The lowest calorific value on the other hand, equivalent 10.3 
MJ kg -1 (2460 kcal kg-1) was measured for Trial D1. The volatile solids content of the 
output from different trials was within a range 83.7-87.9 %, and the ash content varied 
from 11.7 % to 14.7 %. 
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Drum rotation frequency and 
speed 
Thermal efficiency 
(kg H2O kg-1 DS)* 
A3 > 45 1 time per day at 0.5 rpm 4.3 
B3 > 45 3 times per day at 0.5 rpm 4.1 
C3 uncontrolled continuous 0.5 rpm 3.9 
D3 uncontrolled continuous 1 rpm 2.6 
E3 35-45 10 min at 0.5 rpm every 5.2 h 4.1 
FE 35-45 10 min at 0.5 rpm every 3.2 h 4.0 
G3 35-45 10 min at 0.5 rpm every 1.2 h 3.5 
H3 35-45 continuous at 0.5 rpm 2.8 










(MJ kg-1) ar 









(% dry 	content 
basis) 	(%) 
A3 > 45 1 time at 0.5 rpm per day 10.3 17.8 87.1 11.7 33.2 
B3 > 45 3 times at 0.5 rpm per day 12.4 19.9 87.9 12 28 
C3 > 45 continuous at 0.5 rpm 13.2 19.2 85.6 13.7 19.4 
D3 > 45 continuous at 1 rpm 10.3 18.5 86.6 12.8 34.2 
E3 35-45 10 min at 0.5 rpm every 5.2 h 11.5 19.7 87.2 12.1 31.8 
F3 35-45 10 min at 0.5 rpm every 3.2 h 12.4 19.5 87 12.3 26.3 
G3 35-45 10 min at 0.5 rpm every 1.2 h 14.4 20.7 86.7 12.2 19.8 
H3 35-45 continuous at 0.5 rpm 13.8 20.3 83.7 14.7 18.8 
ar = as receive 
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Moisture content was the main determinant of the net calorific value of the fuels 
generated in all trials (for more details see Chapter 10). However, the end product from 
Trial H3 with continuous drum rotation at 0.5 rpm, had the lowest moisture content of 
18.8 % but its calorific value was lower compared to Trial G3 with the hourly based 
agitation regime. In addition, the fuel from Trial H3 had higher ash content and lower 
calorific value compared to Trial G3 and this can be explained by the higher DS 
destruction. The dry ash free calofic value of the end products from the different 
biodrying experiments was within the range 17.8-20.3 MJ kg* The higher variability 
of the dry ash free basis calorific value compared to the other sets of trials could be 
associated with the higher processing time in the manually conducted biodrying trials. 
7.4 Discussion 
The biodrying trials with different drum rotation regimes demonstrated that agitation is 
a critical factor controlling the efficiency of the biodrying process. Frequent agitation is 
essential to achieve fast dehydration of the waste during the rotary biodrying process. 
The automatically controlled time-based trials (E3-F3) showed that DSDR increased 
with increasing agitation frequency (Table 7.4 and Figure 4.7b), under the same 
biomass temperature conditions. Therefore, the heat released from waste decomposition 
increased resulting in superior water evaporation in the automatically controlled 
regimes (Table 7.2 and 7.3 and Figure 7.3b). Increased DSDR values observed with 
increasing agitation frequency can be attributed to: 
(a) improved particle size reduction resulting in larger surface area for microbial 
growth 
(b) relocation of moisture from inside larger particles to the surface of smaller particles, 
which is the site where most of the microbial activity occurs (EA, 2001) 
(c) improved aeration, 
(d) dispersion of microorganisms and improved nutrient transport which are both 
restricted at low moisture content conditions (Miller, 1989). 
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The effect of agitation frequency on BDR was less clear in the manually performed 
experiments, which could be related to poorer biomass temperature and process control. 
Nevertheless, DSDR and BDR generally increased with increasing agitation frequency 
(Table 7.3 and Table 7.4). 
Frequent agitation is also important for efficient control of the average biomass 
temperature within a rotary drum bio-reactor, which is another important factor 
controlling the efficiency of the biodrying process (see Chapter 5). During the 
automatically controlled experiments accurate temperature control within the optimum 
range of 35-45 °C was achieved in Trials G3 and H3 with agitation sequences every 1 h 
and continuous agitation, respectively (Figure 7.1b). In contrast the temperature 
conditions were less consistent during Trials E3 and F3 with reduced agitation 
frequency (10 min agitation sequences every 5.2 h and 3.2 h, respectively). In the 
automatically controlled experiments the temperature control strategy was based on 
temperature values recorded after the 10 min agitation sequence (see Section 7.2). As a 
consequence, the frequency of temperature recordings increased with increasing 
agitation frequency, therefore improving the accuracy of temperature control within this 
particular experimental apparatus. For example, during Trial F3 biomass temperature 
exceeded the predetermined ceiling point value of 45 °C and increased to a maximum 
value of 53 °C within the first 24 h. In this Trial the biomass temperature control 
strategy was based on temperature values recorded every 3 h and therefore, biomass 
temperature could increase well above the maximum set-point value within the 
predetermined 3 h period, especially during the initial 24 h of processing when the 
highest DSDR occurred. Variable temperature control also occurred in the manually 
performed Trials (A3 and B3) with periodic agitation (Figure 7.1 a). 
Acidification can result in major process failure due to microbial inhibition (see Section 
3.4.3). However, the results showed this was less severe and initial acid inhibition was 
less likely to occur under conditions of frequent mixing compared to less frequent 
agitation (Figure 7.4b). For example biodegradable waste became more acidified in 
trials with lower agitation frequency (E3 and F3) compared to more frequent drum 
rotation (G3 and H3). This can be attributed to improved aeration of the waste, and is 
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consistent with other studies, where composting at low oxygen concentration raise acid 
production and slowed the break-down of acids compared to well-aerated composting 
(Beck-Friss et al., 2003) leading to reduced microbial activity and process temperature. 
Acid inhibition was observed only with less frequent agitation (Figure 7.3b and Figure 
7.5b). Acidification also occurred in trials with more frequent agitation, but in this case 
the biodrying process was not inhibited by the declining pH conditions. This could be 
attributed to the accuracy of temperature control between these sets of trials. For 
example the initial process inhibition during Trial F3 was probably related to a 
combination of thermophilic temperature conditions, which increased up to 56 °C and 
significantly exceeded the ceiling value of 45 °C, (due to inaccurate temperature 
control) and low pH that occurred within the first 48 h of processing. Similar process 
inhibition occurred in the manually controlled Trial C3 with continuous drum rotation. 
In this Trial biomass temperature increased above 50 °C during the initial phase of the 
experiment when the pH of the treated material was acidic and this resulted in process 
inhibition and temperature decline to less than 30 °C. Therefore, process acidification 
and inhibition may also occur even under conditions of continuous agitation if biomass 
temperature is not carefully controlled within the mesophilic range. This may also 
explain similar process inhibition observed in Trial A3, which was agitated once per 
day. However, no acidification or inhibition occurred with continuous rotation at 1 rpm 
in Trial D3, despite poor temperature control and this was probably related to improved 
aeration compared to the other bio-dying experiments and volatilization of VFAs. 
Initial acid inhibition of microbial activity also occurred in Trial E3 although, here, the 
temperature did not increase to the thermophilic range (Figure 7.1b). In this Trial, the 
duration of static periods was equivalent to 5 h and biomass temperature achieved the 
predetermined ceiling point value of 45 °C only relatively slowy after 3 d from 
commencing the experiment. Similar inhibition was observed in Trial B3 (manually 
controlled with periodic agitation twice per day) when biomass temperature remained at 
ambient levels during the first 48 h of processing (Figure 7.1a). This lag time could be 
attributed to the already acidic nature of the feedstock materials supplied to these 
experiments and also the further acidification that occurred within the first 24 h in both 
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trials probably induced by poor aeration (Figure 7.4). Therefore, acid inhibition may 
also occur under mesophilic temperature conditions if the pH of the feedstock material 
has already became acidified due to microbial degradation processes during storage of 
the waste prior to biodrying treatment. Under these circumstances pH adjustment to 
6.0-6.5 and / or frequent agitation to promote aeration and volatilization of VFAs would 
be advisable to increase microbial activity. 
Although frequent agitation is beneficial for the biodrying process, the thermal 
efficiency declines with increasing agitation frequency (Table 7.5) and less energy 
could be recovered from the biodegradable fraction of MSW, if more dry solids are 
decomposed during the biodrying process. This can be attributed to increased thermal 
losses from the surface of the drum, since agitation facilitates heat transfer to the shell 
of the drum and increases the temperature of the outer surface and the radiant heat loss 
(see Chapter 3). Similar average biodrying rates were measured in trials G3 (10 min 
rotation every 1.2 hour) and H3 (continuous rotation), resulting in a moisture reduction 
from approximately 40 % to approximately 20 % within 4 days in both trials (Table 7.2 
and Figure 7.3b). However, Trial G3 was more thermally efficient compared to Trial 
H3 (Table 7.6) and, consequently only 12 % of the DS decomposed in Trial G3 
compared to 20 % in Trial H3, to achieve the same level of dehydration (Figure 7.5b). 
Therefore the calorific value and volatile solids content of the biodried fuel generated in 
Trial G3 were larger compared to Trial H3. 
The lowest thermal efficiency occurred in Trial D3 with continuous rotation at 1 rpm. 
In this Trial, thermophilic temperatures were achieved only during the first 3 d of 
processing temperatures subsequently declined to ambient conditions although there 
was no evidence of acidification in this instance (Figure 7.1a and Figure 7.4b). This 
temperature response suggested that metabolically generated heat was initially adequate 
to compensate for the high thermal losses from the surface of the drum and to sustain 
thermophilic temperature conditions. However, the DSDR declined after 48 h (probably 
related to partial consumption of the readily available organic material and dehydration) 
and the heat generation from decomposition did not compensate for the radiant heat 
losses from the surface of the drum causing the process temperature to cool to ambient 
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values. This indicated that continuous rotation at relatively high speed may increase the 
risk of process failure due to excessive heat losses dissipated to the environment from 
the rotary bioreactor. Another important aspect of reducing dry solids decomposition as 
far as possible during biodrying processes through improved thermal efficiency is to 
minimize the concentration of heavy metals and Cl contained in the treated fuel 
product. 
The temperature profiles of the biodrying trials indicated that efficient temperature 
control was not feasible for the manually controlled processes. In contrast, biomass 
temperature was accurately managed by the automated system with frequent waste 
agitation. The improved control achieved by automatic management of the process 
temperature, agitation and aeration rate regime generally increased the DSDR and 
biodrying rate compared to the manual based system. Nevertheless one manually 
controlled Trial (C3) with continuous agitation and constant airflow also achieved 
relatively rapid DSDR and BDR. In this Trial biomass temperature remained within the 
optimum range of 40 °C to 50 °C during most of the processing time. Heat losses 
(radiant, conductive and convective) during cooler ambient temperatures at night 
exceeded the metabolically generated heat from decomposition causing the temperature 
to fall to a minimum value equivalent to approximately 40 °C. However, heat losses 
were reduced in warmer daytime conditions compared to the rate of metabolic heat 
generating and therefore temperatures rose to a maximum value of 50 °C. These 
conditions caused temperature oscillation within an effective range for biodrying, 
resulting in high DSDR and fast dehydration of the waste. 
The 02 consumption measured here was equivalent to 1.03 g 02 g-1 DS and was within 
the range reported in the literature by Haug (1993), (0.9-2 g 02 g-1 DS). The linear 
relationship between oxygen consumption and dry solids decomposition indicated that 
the composition of the feedstock materials loaded to the rotary drum reactor were 
relatively consistent for the different experimental biodrying trials therefore facilitating 
the quantitative comparison of data from the experimental programme. 
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In general, BD decreased during MSW biodrying, however, in some circumstances the 
BD increased. The largest rise in BD occurred in Trial D3 and this was probably related 
to minimal dehydration, due to process failure, and the continuous agitation regime, 
which resulted in significant particle size reduction. As expected the FAS also 
decreased to the greatest extent in this Trial, since bulk density is inversely related to 
FAS (Figure 7.7). The largest decrease in BD and increase in FAS measured overall 
was observed in Trial G3 and was probably attributed to efficient drying. Although a 
similar drying profile occurred in Trial H3, the increase in FAS and decrease in BD 
compared to Trial G3 was considerably smaller probably due to superior particle size 
reduction and volume reduction, resulting from continuous compared to semi-
continuous agitation. Therefore increasing the agitation frequency increases the amount 
of waste that can be processed in an industrial rotary drum reactor as the volume of the 
material decreases more rapidly during processing. In addition, volume reduction is 
important for storage, handling and conveying of the fuel. Reducing the particle size is 
a further important advantage of frequent agitation, since industrial processes such as 
cement manufacture require fuels of small particle size for pneumatic conveying and 
improved ignition characteristics (Duda, 1985). 
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CHAPTER 8 
INFLUENCE OF FEEDSTOCK COMPOSITION ON ROTARY BIODRYING 
MSW UNDER OPTIMUM CONDITIONS 
8.1 Introduction 
Feedstock composition is an important factor for successful composting (Haug, 1993; 
CA, 2001) and different wastes are usually mixed together in an optimum ratio to 
produce a suitable feedstock for composting. Nitrogen rich wastes such as sewage 
sludge, cattle manure, diary manure, swine manure or food waste are usually mixed 
with carbon rich materials such as waste paper, wood chips, sawdust and straw to 
achieve the required C to N ratio for high microbial activity (Suzuki et al., 2004; 
Alkoaik, 2006; Guerra-Rodriguez, 2006; Nengwu, 2007; Sellami et al., 2008). In 
addition, substrates with high moisture content and small particle size, such as sewage 
sludge, are usually amended with a bulking agent (drier materials with large particle 
size such as straw or woodchips) to achieve adequate free air space to support aerobic 
microbial activity and to minimize the development of anaerobic zones in the 
composting matrix, thus alleviating odour problems (Chen et al., 1996; Marek et al., 
2003; Banegas et al., 2007; Guardia et al., 2008). 
Although the effect of feedstock composition on composting has been investigated by 
various researchers (Nengwu, 2007; Sellami et al., 2008) there is no published work 
specifically examining the effect of this parameter on biodrying processes for SRF 
production. In this set of trials, biodrying experiments were conducted with different 
feedstock composition by adding biodegradable wastes that are not usually present in 
residual MSW, to investigate the possibility of accelerating the biodrying process and 
also treating these waste streams to produce SRF as an alternative strategy to 
conventional disposal routes. For example, sewage sludge is an effective source of 
nitrogen and moisture and successful co-composts with MSW (Vashi and Shah, 2003; 
Juniper, 2005; Yanjun et al., 2008). However, biodrying MSW with sewage sludge has 
not been previously reported. Therefore, sewage sludge was included in one of the 
experiments (Trial C4) to evaluate the effect of this waste material on the biodrying 
process. 
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Woody trimmings from parks and gardens are collected separately in Cyprus, but they 
are disposed of in landfill as alternative potential uses, such as composting are currently 
not practiced on the island (Papastylianou, 2005). Composting trimmings is a 
successful and widely practiced method for treating this wastestream (CA, 2001; 
Alkoaik, 2006), however, the biodrying woody trimmings with MSW has not been 
investigated as an alternative treatment technology for this waste. The addition of 
shredded woody trimmings into the MSW feedstock for biodrying was therefore 
investigated in Trial B4. 
Paper is abundant in the residual MSW in Cyprus. However, the quantities of paper in 
this wastestream are expected to decline due to increasing source separation and 
recycling (Carl Bro Environment & NV Consultants, 1993). The possibility of utilizing 
the Mediterranean Sea Grass, Posidonia oceanica, as a C source and bulking agent, as 
an alternative to waste paper, during the rotary biodrying process was investigated in 
Trial D4. Significant quantities of the residues of this marine plant are collected from 
the shores of the Mediterranean Sea and are disposed to landfill (Cocozza et al., 2008). 
Composting has been demonstrated as a successful treatment method for treating this 
waste converting it to a high quality soil conditioner (Cocozza et al., 2008; Orquin et 
al., 2001). However, biodrying experiments for Posidonia oceanica are not reported in 
the literature. 
Bio-dried product was recycled in all of the experiments conducted in the 1st, 2nd and 
3rd set of trials performed in the experimental programme reported in this thesis. The 
effect of inoculation on the composting process has been investigated by various 
researchers (see Chapter 3), but the effect of inoculating the feedstock through product 
recycling during biodrying has not been determined previously. Therefore one of the 
experiments reported here (E4) was conducted without product recycling to test the 
influence of this practice on the rotary biodrying process. 
8.2 Materials and methods 
The effect of feedstock composition on the rotary biodrying process was investigated in 
5 biodrying experiments, using the optimum temperature and agitation regime defined 
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in Chapters 6 and 7 respectively. No pH adjustment was performed in any of the 
biodrying trials. The composition of the feedstock and process conditions are presented 
in Table 8.1. 
A total input of approximately 1 t of feedstock materials were loaded into the rotary 
drum in each experiment. In Trial A4 residual unsorted MSW was shredded to a size 
less than 80 mm and loaded into the rotary drum reactor after manual removal of bulky 
items such as glass and plastic bottles, and ferrous and non ferrous metals (mainly can 
drink containers). The feedstock composition in Trial D4 was similar to that used 
during the previous set of trials described in Chapters 5, 6 and 7, that included 60 % 
food waste, 30 % paper, 10 % bio-dried product (w/w fresh weight basis). However, in 
this case, paper was replaced by an equal quantity of the seaweed Posidonia oceanica, 
equivalent to 30 % w/w on a fresh weight basis. Trial E4 was performed without 
recycling end-product into the process feedstock, which was replaced by additional 
food waste so that the total input of food waste into the rotary drum increased to 700 kg 
and the paper waste was 300 kg (fresh weight). The physical and chemical 
characteristics of the different feedstocks supplied to the biodrying experiments were 
presented in Section 4.5. 
Acid inhibition during composting of separated food waste is commonly reported in the 
literature (Sundberg et al., 2004). Thermophiles are more susceptible to acid inhibition 
than mesophilic microorganisms. Therefore, the maximum set-point temperature value 
was set at 55 °C in Trial A4 during the first day of processing to investigate whether 
acid inhibition may develop during biodrying of residual MSW. After this initial 
period, however, the biomass temperature was controlled within the optimum range of 
35-45 °C for the remaining processing time. 
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10 min at 0.5 rpm 
every 1.2 h 
10 min at 0.5 rpm 
every 1.2 h 
10 min at 0.5 rpm 
every 1.2 h 
10 min at 0.5 rpm 
every 1.2 h 
10 min at 0.5 rpm 
every 1.2 h 
low 30 	90 % Mixed shredded MSW/ 10 % biodried 
high 120 product 
low 30 	50 % food waste/ 20 % paper/ 20 % yard 
high 120 	trimmings/ 10 % biodried product 
low 30 	40 % food waste/ 20 % sewage sludge/ 30 
high 120 % paper/ 10 % biodried product 
60% food waste/ 30% seaweed/ 10% bio-
dried product 






8.3.1 Temperature profiles 
Temperature profiles for the biodrying experiments (A4-E4) are presented in Figure 
8.1. In Trial A4 (shredded residual MSW) biomass temperature increased rapidly to the 
maximum set point value of 55 °C (which was set only for the first 24 h of processing) 
in less than 17 h. A prolonged cooling cycle occurred after this point to cool the 
material to the minimum predetermined temperature value of 35 °C. However, the 
biomass temperature continued to decline further to 32.5 °C and remained below 35 °C 
for more than 30 h, suggesting potential process inhibition (Figure 8.1). After this 
period, biomass temperature increased to the maximum pre-determined value of 45 °C 
and was controlled generally within the range 35-45 °C until the end of the experiment. 
However, temperature decreased to less than 30 °C in the final day of processing 
probably due to to moisture limitation and reduced microbial activity (Figure 8.1). 
In Trial B4 (20 % shredded woody trimmings), biomass temperature increased to the 
maximum control value of 45 °C within approximately 15 h and was maintained within 
the range 35-45 °C (Figure 8.1). The temperature declined to less than 35 °C on the 
final day of processing indicating low microbial activity. The results showed that a long 
cooling cycle occurred during the second day of processing indicating very high rates 
of microbial activity during this period (Figure 8.1). 
In Trial C4 (20 % sewage sludge) biomass temperature remained below 45 °C during 
the first 3 d indicating potential process inhibition. The temperature increased to the 
maximum predetermined value of 45 °C during the 4th  d of processing and remained 
within the range 35-45 °C until the end of the experiment (Figure 8.1). Biomass 
temperature remained below 40 °C during the first 4 d of processing in Trial D4 with 
the addition of 30 % w/w fresh weight of seaweed in the feedstock, indicating a low 
substrate decomposition rate. The temperature increased to 45 °C on Day 5 and was 
maintained in the range 35-45 °C for the rest of the experiment (Figure 8.1). 
Temperature conditions showed considerable variability in Trial E4 (no product 


















suggesting severe process inhibition. However, the temperature was subsequently 
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Figure 8.1 Effect of feedstock composition on temperature during 
rotary biodrying of MSW and other feedstock wastes 
A4: feedstock composition = 90 % shredded residual MSW/ 10 % biodried 
product 
B4: feedstock composition = 50 % food waste, 20 % paper, 20 % shredded 
woody trimmings, 10 % bio-dried product; 
C4: feedstock composition = 40 % food waste, 20 % sewage sludge, 30 % paper, 
10 % recycled product; 
D4: feedstock composition = 60% food waste, 30% seaweed, 10% recycled 
product 
E4: feedstock composition = 70 % food waste, 30 % paper 
8.3.2 Biodrying rate 
The moisture content of the feedstock, moisture content of final product, retention time 
and TMR are presented in Table 8.2. The relationship between time of processing and 
moisture content was tested by linear regression analysis and showed that moisture 
8 
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content declined in linear relation to time, irrespective of feedstock composition (Table 
8.3; Figure 8.2). The BDR in Trial G3 (60 % food waste, 30 % paper, 10 % recycled 
product — see Section 7.3.2) was also included in Table 8.3 for comparison with Trial 
E4, which did not include recycled end-product. 
As would be expected, given the different properties of the various waste streams 
tested, the moisture contents of the feedstocks varied between the experiments. In trials 
A4 and B4, the moisture content of the feedstock was approximately 40 %. The 
feedstocks supplied to trials C4 and E4 contained a larger amount of moisture 
compared to A4 and B4, equivalent to approximately 50 %. However, the largest 
moisture content was measured in the feedstock amended with Posidonia oceanica in 
Trial D4, which had a water content equivalent to approximately 60 %. 
The largest overall TMR and BDR were recorded in Trial B4 and were equivalent to 
58.8 % and 0.4 %III , respectively. These values were considerably larger compared to 
the control feedstock composition represented by the results from Trial G3. The TMR 
and BDR for the control condition, Trial G3, were 49.5 % and 0.2 % h-1. Thus, the 
addition of shredded woody trimmings significantly increased dehydration efficiency of 
the biodrying process. 
In all other cases, the TMR and BDR were smaller compared to the control condition 
(Trial G3). Interestingly, the smallest TMR and BDR values were obtained for Trial E4 
(no product recycling) and were equivalent to 9.8 % and 0.032 % 111, respectively. This 
provided strong evidence of the importance of recycling end-product into the input 
feedstock to maximize the dehydration rate during biodrying of MSW. 
The TMR and BDR values (Table 8.2 and Table 8.3) were also reduced in trials 
supplied with feedstocks containing the largest amounts of moisture compared to the 
control (Trial G3 had an input moisture content of 39.2 %). For example, in Trial D4 
(20 % Posidonia oceanica), which received feedstock containing 58.2 % moisture, the 
TMR and BDR were equivalent to 34.2 % and 0.034 % hi, respectively, which were 
considerably smaller compared to the control, Trial G3. Addition of sewage sludge in 
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Trial C4 also increased the feedstock moisture content (51.3 %) and reduced the TMR 
and BDR compared to the control condition (Trial G3). 
Table 8.2 Effect of feedstock composition on the dehydration 
efficiency of the rotary biodrying process 






















90 % mixed shredded MSW/ 10 
% biodried product 
50 % food waste/ 20 % paper/ 20 
% yard trimmings 
40 % food waste/ 20 % sewage 
sludge/ 30 % paper/ 10 % 
biodried product 
60% food waste/ 30% seaweed/ 
10% biodried product 


























*60 % food waste, 30 % paper, 10 % recycled product (see Section 4.2 for details) 
Table 8.3 Linear regression models of the relationships between biomass moisture 
content and time during biodrying of different feedstocks 








A4 Mixed shredded MSW 0.167 41.77 0.813 0.003 
B4 50 % food waste/ 20 % 
paper/ 20 % yard trimmings 0.400 41.95 0.965 <0.001 
C4 40 % food waste/ 20 % 
sewage sludge/ 30 % paper/ 
10 % recycled product 0.089 51.11 0.951 <0.001 
D4 60% food waste/ 30% 
seaweed/ 10% recycled 
product 0.034 61.65 0.932 <0.001 
E4 60% food waste/ 40 % paper 0.118 49.41 0.702 0.004 
G3 control * 0.200 38.17 0.973 <0.001 
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Figure 82 Linear relationships between moisture content and time of processing 
(see Table 8.3 for details of regression models) 
A4: feedstock composition = 90 % shredded residual MSW, 10 % biodried product 
B4: feedstock composition = 50 % food waste, 20 % paper, 20 % shredded woody trimmings, 10 
% biodried product; 
C4: feedstock composition = 40 % food waste, 20 % sewage sludge, 30 % paper, 10 % biodried 
product; 
D4: feedstock composition = 60% food waste, 30% seaweed, 10% biodried product 
E4: feedstock composition = 70 % food waste, 30 % paper 
As would be expected, low temperature conditions were also associated with reduced 
BDR. Thus, in Trial A4, the BDR decreased considerably during Day 3 of the 
experiment due to the decline in temperature to the low mesophilic range. Dehydration 
rate was very low initially in Trial C4 due to low biomass temperatures during the first 
3 d of processing. 
A potential criticism of the work presented in this thesis is that the waste inputs into the 
biodrying experiments, which were controlled using known waste sources and types as 
a surrogate for the biodegradable fractions of MSW, may be unrepresentative of the 
conditions experienced during biodrying of mixed MSW in practice. However, results 
from Trial A4 show that the TMR and BDR values obtained for mixed, shredded MSW 
were similar to the control (Trial G3), supplied with the surrogate biodegradable 
fraction (food and paper waste). This provides strong evidence and confidence that the 
results reported here for the controlled biodrying experiments are consistent and 
comparable to biodrying the biodegradable fraction in mixed MSW. Furthermore, they 
emphasize that the rapid biodrying of unsorted residual MSW is a feasible and 
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In Trial A4 BDR was moderately high during the first 48 h of processing compared to 
the average BDR in this trial. Biodrying rate decreased considerably during the 3rd d of 
processing resulting in negligible dehydration and this can be related to temperature 
declined to the low mesophilic range. The biodrying rate increased considerably during 
the last 48 h of processing resulting in rapid dehydration (equivalent to a moisture 
reduction from 35 % to less than 20 % within 2 d). 
8.3.3 pH profiles 
The effects of feedstock composition on the pH profiles during the biodrying process 
are presented in Figure 8.4. Acidification occurred initially in the majority of feedstock 
conditions, but the pH increased during the biodrying process to a value generally in the 
range pH 7.0-7.5. 
Figure 8.3 Effect of feedstock composition on rotary biodrying 
pH profiles 
A4: feedstock composition = 90 % shredded residual MSW, 10 % biodried 
product 
B4: feedstock composition = 50 % food waste, 20 % paper, 20 % shredded 
woody trimmings, 10 % bio-dried product; 
C4: feedstock composition = 40 % food waste, 20 % sewage sludge, 30 °A) 
paper, 10 % recycled product; 
D4: feedstock composition = 60% food waste, 30% seaweed, 10% recycled 
product 
However, the extent of process acidification was minimal in Trials B4 (20 % shredded 
woody trimmings) and D4 (30 % seaweed) and, in these cases, the pH value remained 
above pH 6.0 at all times. A prolonged period of acidification occurred without end- 
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product recycling, during Trial E4, and the pH decreased gradually to a minimum value 
equivalent to pH 5.5 during the first 5 d of processing before increasing. 
The pH in the final product from this experiment increased to a value of 6.4. The 
largest overall decrease in pH value was observed with sewage sludge amendment in 
Trial C4; in this case the pH value declined from 6.4 to a minimum value equivalent to 
5.5 within the first 48 h of the experiment before increasing to a final value of pH 6.8 in 
the end-product. 
8.3.4 Dry solids decomposition and microbial activity 
The average DSDR and OUR measured for the different feedstock treatments are 
shown in Table 8.4. The average DSDR and OUR during Trial G3 (control) was also 
included in Table 8.4 for comparison. 
The highest OUR and DSDR occurred in Trial B4 (20 % shredded woody trimmings) 
and were equivalent to 2.54 g kg -1 DS h-I and 2.71 g 02 kg-I DS III , respectively. In 
contrast the lowest DSDR and OUR values occurred in Trial E4, without product 
recycling, and in this case were equivalent to 0.36 g kg -I DS h-I and 0.42 g 02 kg -I DS 
h-1, respectively. Whilst the BDR was very low for feedstock with the highest overall 
moisture content with 30 % seaweed (Trial D4), interestingly, the DSDR and OUR 
were much larger for this treatment compared to Trial G3 (control) and were equivalent 
to 2.44 g kg -I DS III and 2.64 g 02 kg-I DS WI, respectively. Addition of sewage sludge 
in Trial C4 reduced the DSDR and OUR (equivalent to 1.01 g kg-I DS h-1 and 1.32 g 02 
kg -1 DS WI , respectively) compared to the control, Trial G3. The average DSDR and 
OUR in the trial with residual shredded MSW (A4) were higher compared to the 
control condition (Trial G3) and were equivalent to 1.61 g kg-1 DS h-1 and 2.03 g 02 
kg-1 DS 111, respectively. 
The DS decomposition and OUR profiles are presented in Figures 8.5 and 8.6, 
respectively. The DS decomposition and OUR varied during processing in most of the 
biodrying experiments. In Trial A4 (shredded residual MSW), DS decomposition and 
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OUR decreased to almost negligible values during the Day 3 in response to the low 
biomass temperature and pH value (Figure 8.1 and 8.4). 
Table 8.4 Effect of feedstock composition on average dry solids decomposition 
rate (DSDR) and oxygen uptake rate (OUR) during biodrying MSW and other 
waste materials 
Trial Feedstock Composition Average DSDR (g kg' DS IiI) 
Average OUR 
(g 02 kg 1 DS If') 
A4 90 % shredded mixed 1.61 2.03 
MSW/ 10 % biodried 
product 
B4 50 % food waste/ 20 % 
paper/ 20 % yard 
trimmings 
2.54 2.71 
C4 40 % food waste/ 20 % 
sewage sludge/ 30 % paper/ 
1.01 1.32 
10 % recycled product 
D4 60 % food waste/ 30 % 
seaweed/ 10 % recycled 
product 
2.44 2.64 
E4 70 % food waste/ 30 % 
paper 
0.36 0.42 
G3 Control * 1.31 1.92 
* 60 % food waste, 30 % paper, 10 % recycled product (see Section 4.2 for details) 
However, the DSDR and OUR increased to maximum rates on Day 4, before declining 
in the final period probably due to moisture limitation of microbial activity. The largest 
DSDR and OUR were measured for Trial B4 (20 % shredded woody trimmings) during 
Day 2 of the experiment, which corresponded with a prolonged cooling cycle (Figure 
8.1), consistent with high rates of microbial activity and heat generation. These 
parameters of microbial activity declined during the final processing period when the 
moisture content decreased to <20 % (Figure 8.3). Sewage sludge addition to Trial C4, 
at a rate of 20 % w/w (fresh weight) in the feedstock, reduced the DSDR and OUR 
measured for the first 3 d of processing compared to trials A4-C4, which corresponded 
with a period of relatively low biomass temperatures, <45 °C, and pH conditions on 
Day 2 and 3 (Figure 8.1 and 8.4) . However, the DS decomposition increased and was 
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Figure 8.4. Effect of feedstock composition on dry solids 
decomposition profiles 
A4: feedstock composition = 90 % shredded residual MSW, 10 % biodried 
product 
B4: feedstock composition = 50 % food waste, 20 % paper, 20 % shredded 
woody trimmings, 10 % bio-dried product; 
C4: feedstock composition = 40 % food waste, 20 % sewage sludge, 30 % 
paper, 10 % recycled product; 
D4: feedstock composition = 60% food waste, 30% seaweed, 10% recycled 
product 
In Trial D4, amended with 30 % seaweed w/w (fresh weight), DSDR and OUR values 
were amongst the highest recorded overall, but when examined in relation to time 
(Figure 8.5), the results indicated the rate of microbial activity was greatest in the final 
2 d of processing when the temperature achieved the maximum predetermined value of 
45 °C and was controlled within the range 35-45 °C (Figure 8.1). Interestingly, DS 
decomposition and OUR remained at relatively high values compared to the other 
experiments despite the biomass temperature failing to achieve the maximum 
predetermined value (45 °C) . In Trial E4, the DSDR and OUR remained at relatively 
low and consistent values without end-product recycle compared to the other feedstock 
conditions tested for the duration of the experimental period. 
The relationship between DSDR and OUR was examined further by linear regression 
analysis and the statistical analysis showed there was a highly significant linear 
correlation between these parameters [(Figure 8.6), (r2 = 0.83, P < 0.01)]. The slope of 
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Figure 8.5 Effect of feedstock composition oxygen uptake rate during 
biodrying MSW with other waste types 
A4: feedstock composition = shredded residual MSW; 
B4: feedstock composition = 50 % food waste, 20 % paper, 20 % shredded woody 
trimmings, 10 % bio-dried product; 
C4: feedstock composition = 40 % food waste, 20 % sewage sludge, 30 % paper, 10 % 
recycled product; 
D4: feedstock composition = 60% food waste, 30% seaweed, 10% recycled product 
E4: feedstock composition = 70 % food waste, 30 % paper 
Figure 8.6. Relationship between oxygen uptake rate (OUR) and 
dry solids decomposition rate (DSDR): OUR = 1.153 DSDR+ 
0.1032, r2 = 0.83, P = 0.004 
8.3.5 Bulk density (BD) and free air space (FAS) 
The BD and FAS changes in the biodrying experiments are presented in Table 8.5. The 
BD of the feedstock varied considerably from 220 kg m-3 in Trial B4 to 467 kg m-3 in 
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Trial E4 due to the differences in the physical properties and composition of the 
feedstocks examined. 
In trials B4 (20 % shredded woody trimmings) and E4 (no product recycling) BD 
increased by 25.4 % and 18.8 % during the total processing time. In contrast, the BD of 
the final product declined compared to the feedstock in trials A4, C4 and D4. Only a 
marginal change in BD was detected in Trial C4 (20 % sewage sludge) and D4 (30 % 
seaweed) equivalent to increases of 2.7 % and 2.3 %, respectively. However, the BD 
decreased considerably, by 34.5 % compared to the input feedstock, in Trial A4 with 
shredded residual MSW and this was similar to the response observed for the control 
treatment, Trial G3. 
The relationship between FAS and BD was examined by linear regression analysis 
showing a statistically significant relationship between the two variables (Figure 8.7). 
As would be expected the value of the slope of the regression equation was negative 
suggesting that BD declined with increasing FAS. The FAS declined by 24.2 % and 
26.7 % in Trials B4 and E4, respectively. In Trial D4, FAS declined only marginally by 
2.7 %, whereas in Trial C4 the FAS of the final product was equal to the FAS of the 
feedstock. However, the FAS of the final product increased by 9.6 % and 4.8 % 
compared to the feedstocks supplied in Trials A4 and G3, respectively. 
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Table 8.5. Effect of feedstock composition on changes in the bulk density and free air space 
during rotary biodrying 
Trial Feedstock composition 
Bulk density (kg m-3) Free air space (%) 







90 % shredded mixed MSW/ 
A4 10 % biodried product 330 235 -34.5 75 83 9.6 
50 % food waste/ 20 % paper/ 
B4 20 % yard trimmings 220 295 25.4 77 62 -24.2 
40 % food waste/ 20 % sewage 
sludge/ 30 % paper/ 10 % 
C4 recycled product 415 404 -2.7 58 58 0.0 
60% food waste/ 30% 
seaweed/ 10% recycled 
D4 product 265 259 -2.3 74 72 -2.7 
E4 70% food waste/ 30 % paper 467 575 18.8 57 45 -26.7 
G3 Control * 320 240 -33.3 60 63 4.8 
* 60 % food waste, 30 % paper, 10 % recycled product (see Section 4.2 for details) 
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Figure 8.7. Relationship between bulk density and free air space 
8.3.6 Thermal efficiency of different trials 
The effect of feedstock composition on thermal efficiency of the biodrying process is 
shown in Table 8.6. In general, the thermal efficiencies were lower for the different 
feedstocks compared to the control condition, Trial G3. 
Table 8.6. Effect of feedstock composition on thermal 




A4 	90 % shredded mixed MSW/ 
10 % biodried material 
B4 	50 % food waste/ 20 % paper/ 
20 % yard trimmings 
C4 	40 % food waste/ 20 % sewage 
sludge/ 30 % paper/ 10 % 
recycled product 
D4 	60% food waste/ 30% 
seaweed/ 10% recycled 
product 
E4 	70% food waste/ 30 % paper 
G3 Control * 
Thermal 
efficiency 







* 60 % food waste, 30 % paper, 10 % recycled product 
However, trials B4 and E4, with yard trimmings and no end-product recycle, 
respectively, had greater thermal efficiencies compared to Trial G3. The results 
confirmed that the addition of greenwaste in the form of shredded woody trimmings in 
the feedstock had a positive benefit to the overall biodrying process and its thermal 
efficiency. The greatest thermal efficiency, however, was apparently obtained for Trial 
E4 (no product recycle). However, this does not reflect the actual effectiveness of the 
biodrying process in this case and is an arithmetic artefact of the overall small changes 
in moisture content and DS decomposition measured in this experiment (Figure 8.2 and 
8.5(4)). The lowest thermal efficiency was measured in Trial D4 (30 % seaweed) 
equivalent to 2.9 kg H2O kg -1 DS decomposed . 
8.3.7 Chemical characteristics and calorific value 
Selected chemical characteristics (moisture, ash and volatile solids contents) and 
calorific value of the SRF generated during the biodrying experiments are presented in 
Table 8.7 (including Trial G3 (control) - see Chapter 7). 
Moisture content of the end product of each trial was the main factor controlling the 
calorific value of biodried fuel. The moisture contents of the fuel generated in trials C4 
(20 % sewage sludge), D4 (30 % seaweed) and E4 (no product recycling) were 
considerably higher compared to Trial G3 and this is reflected in their smaller calorific 
values compared to Trial G3. The SRF with the highest calorific value, equivalent to 
15.3 MJ kg 1  (3650 kcal kg-1), was generated in Trial A4 with shredded residual MSW. 
The fuel with the smallest overall moisture content was produced in Trial B4 (20 % 
woody trimmings) compared to the other feedstock regimes tested and this was 
associated with the rapid biodrying of the waste and the lower initial moisture content 
of the feedstock. However, the net calorific value (14.0 MJ kg -1 or 3357 kcal kg 1)and 
volatile solids content (83.3 %) of the end-product from Trial B4 were smaller, and the 
ash content (15.6 %) concomitantly greater, compared to trials G3 and A4. Therefore, 
although including woody trimmings in the feedstock was effective at increasing the 
biodrying rate (Table 8.3), the presence of this feedstock material (Table 8.4) reduced 
the volatile solids and calorific value of the final product, compared to shredded MSW 
and control feedstock regime (60 % food waste, 30 % paper waste, 10 % recycled 
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product, w/w fresh weight). The fuel with the highest moisture content and lowest 
calorific value equivalent to 43.4 % and 8.9 MJ kg-I (2130 kcal kg-1), respectively, was 
produced in Trial E4 without product recycle, further emphasizing the importance of 
this measure in the optimization of the biodrying process. The dry ash free basis 
calorific value was considerably more variable compared to other set of trials (within 
the range 17.8-23.2 MJ kg-1), reflecting significant differences between the chemical 
compositions of different feedstocks 
Table 8.7 Effect of feedstock composition on selected chemical characteristics and 
calorific value of solid recovered fuel 
Trial Feedstock composition value 
(MJ kg-I) 
NetDryfree calorific solids 
ash Ash Volatile 
(% content Moisture  calorific 	dry 	(% dry 	content 
value 
(MJ kg- i ) 	basis) 	
basis) 	(%) 
A4 90 % shredded mixed MSW/ 
10 % biodried product 15.3 23.2 85.4 13.7 18.5 
B4 50 % food waste/ 20 % 
paper/ 20 % yard 
trimmings/10 % recycled 
product 
14 20.2 83.3 15.6 16.7 
C4 40 % food waste/ 20 % 
sewage sludge/ 30 % paper/ 
10 % recycled product 
10.4 20.3 83.8 15.1 36 
D4 60% food waste/ 30% 
seaweed/ 10% recycled 
product 
9.6 22.9 75.4 21.5 38.3 
E4 70% food waste/ 30 % paper 8.9 17.8 88.3 12 43.4 
G3 Control * 14.4 20.7 86.7 12.2 19.8 
* 60 % food waste, 30 % paper, 10 % recycled product 
8.4. Discussion 
The results presented here showed that the composition of the feedstock has a major 
influence on the efficiency of the rotary biodrying process. The addition of wet 
substrates, such as sewage sludge and Posidonia oceanica, increased the moisture 
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content of the feedstock to 51-58 % and this reduced the BDR compared to the control, 
which contained 39 % moisture. In addition, the BDR decreased when recycled end-
product was excluded from the feedstock compared to the control, which contained 10 
% recycled material (w/w, fresh weight) (Table 8.2; Figure 8.2). The average BDR 
value for shredded residual MSW was similar to, albeit slightly less than the control 
experiment. However, adding shredded woody trimmings significantly accelerated the 
rotary biodrying process. 
The lower BDR during Trial C4 (20 % sewage sludge) compared to the control (Trial 
G3) is related to the lower rate of microbial activity, indicated by smaller DSDR and 
OUR values (Table 8.3) and the fact that Trial C4 was less thermally efficient 
compared to Trial G3 (Table 8.5). These results are not consistent with other 
investigations where sewage sludge addition accelerated microbial activity during 
composting of MSW (Vashi and Shah, 2003; Yanjun et al., 2008). The lower DSDR 
and OUR in Trial C4, however, may be related to the initial acidification (Figure 8.4) 
and acid inhibition probably enhanced by increased moisture content and lower FAS 
increasing the risk of formation of anaerobic zones (Table 8.4) compared to the other 
feedstock regimes tested. Although biomass temperature failed to achieve the 
maximum predetermined temperature during the first 3 days of processing and 
therefore no cooling cycles occurred during that period so that thermal losses were 
minimal, the average thermal efficiency of Trial C4 was lower than Trial G3. This can 
be attributed to: (1) higher retention time of the waste inside the bioreactor, and (2) 
higher initial moisture content and therefore, higher thermal conductivity of the waste, 
resulting in increased conductive and radiant heat losses. 
Another key factor influencing the BDR was the initial DS content of the feedstock. 
Controlling the DS of the feedstock is essential for achieving adequate dehydration 
during composting (Haug, 1993). The dry solids content of the feedstock supplied to 
Trial C4 was lower compared to Trial G3 (ie it contained more moisture) and, 
therefore, less substrate was available per kg of waste for decomposition and release of 
metabolically generated heat for drying, resulting in lower BDR. 
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The lowest BDR occurred in Trial D4 (30 % seaweed; Table 8.2). However, the 
average DSDR and OUR during this trial was considerably higher compared to Trial 
G3 and higher than most of the other experiments conducted during this set of trials 
(Table 8.3). Similar to trial C4 the low BDR in Trial D4 can be attributed to the high 
initial moisture content of the feedstock and the low thermal efficiency of the process 
resulting from the high thermal conductivity of the feedstock. Although DSDR and 
OUR were relatively high during the total processing time, and no acidification 
occurred during Trial D4 (Figure 8.4), biomass temperature did not exceed 40 °C 
during the first 4 d of processing. This can be explained by the increased thermal losses 
resulting from high thermal conductivity of the feedstock (due to the high initial 
moisture content). Self heating of the material to the maximum predetermined value 
was also probably hindered by the high specific heat and low DS of the feedstock. The 
specific heat of the feedstock increases linearly with increasing moisture content and 
therefore, more energy is required for heating a specific mass of waste (Haug, 1993). In 
addition, DS content and substrate availability decline with increasing moisture content 
and therefore heat generation from a specific mass of waste decreases. The overall 
effect of increasing moisture content is that self-heating of the feedstock slows down. 
The need for careful control of the upper limit of the initial moisture content of the 
feedstock to achieve the high thermophilic temperatures required for pathogen 
destruction during composting has also been reported by Haug (1993). Although no 
significant changes in microbial activity occurred on Day 5 of processing in Trial D4 
(30 % seaweed), biomass temperature achieved the maximum predetermined value and 
this was probably related to the declining thermal losses and specific heat associated 
with the decreasing moisture content. However, DSDR and OUR increased 
considerably in the final 2 d of processing, achieving the highest values observed in all 
the biodrying trials. This rapid change in microbial activity during the final stage of 
processing Trial D4 was not linked to the pH value as the feedstock was relatively well 
buffered and the pH was >6.0 and rose during the course of the experiment. A possible 
explanation is that the activity of microorganisms growing on food waste was initially 
inhibited by the high salt content of the feedstock from the addition of Posidonia 
oceanica and a population of salt tolerant microorganisms developed after the first 5 
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days of processing. Although successful composting of Posidonia oceanica with 
vegetable residues is reported in the literature, the seagrass residues where washed with 
fresh water prior to the experiments to remove chloride compounds and salinity (Saidi 
et al., 2008). The initial inhibition of the process could be avoided if the seaweed was 
washed with fresh water prior to the experiments. Another alternative is inocculation 
with salt tolerant microorganisms. The much higher values of DSDR and OUR in the 
last two days of processing compared to the other feedstock trials can be attributed to 
the larger moisture content that was not limiting to FAS due to the structure of seaweed 
and low packing density (Table 8.4). The high DSDR and OUR could be associated 
with other factors that were not identified. 
The BDR in Trial E4 (no product recycling) was also considerably lower compared to 
the control experiment (Table 8.2). Although the apparent thermal efficiency during 
Trial E4 was the highest (Table 8.5) overall, excluding end-product from the feedstock 
gave the lowest overall DSDR, OUR and BDR values compared to the other regimes 
tested (Table 8.3). Product recycling during other experiments provided buffering 
capacity to the feedstock due to the presence of NH3 released from protein 
decomposition (Sundberg et al., 2004), thus alleviating acidification. However, in Trial 
E4 no product was recycled and a prolonged acidification period occurred resulting in 
severe process inhibition. This is consistent with the findings of other researchers 
(Sundberg and Johnson, 2005) who showed that the presence of a starting culture is 
important to alleviate initial pH inhibition during composting of food waste. The 
extensive acidification observed in Trial E4 could also be explained by the higher 
proportion of food waste relative to the bulking agent. For example, Bergensen et al. 
(2008) showed that acidification problems during source separated kitchen waste 
composting could be alleviated by increasing the amount of bulking agent in the 
feedstock mixture. Although the feedstock moisture content in Trial E4 was 
approximately 50 % causing the low BDR (Table 8.2; Figure 8.2) the thermal 
efficiency of the trial was the highest (Table 8.5). However, this high thermal efficiency 
was clearly related to the low temperature conditions during most of the processing 
time and the absence of cooling cycles since biomass temperature achieved the 
maximum predetermined value only during the final day of processing (Figure 8.1) 
180 
The BDR during biodrying of shredded residual MSW (Trial A4) was slightly reduced 
compared to the control experiment (Table 8.2; Figure 8.2), however, there is evidence 
suggesting acid inhibition occurred resulting from the different temperature control 
strategy applied within the first day of processing, which may have reduced the 
biodrying efficiency of the MSW treatment (Figure 8.4). Although, the DSDR and 
OUR were slightly higher during Trial A4 compared to Trial G3 the thermal efficiency 
of the Trial was lower resulting in a smaller average BDR value. The lower thermal 
efficiency could be attributed to the longer processing time in Trial A4 compared to 
Trial G3, resulting from the initial acid inhibition that occurred in this trial. Another 
possible explanation is that the thermal conductivity of the shredded residual MSW was 
higher (Haug, 1993) compared to the control experiment, due to the larger particle size 
and FAS (Table 8.4). Although the moisture content of the product generated in Trial 
A4 was greater compared to Trial B4, which is generally associated with increased 
energy value, the calorific value of the SRF produced from mixed MSW was the 
highest probably due to the presence of high calorific value non-biodegradable material 
in the feedstock. 
The highest BDR occurred in Trial B4 (20 % shredded woody trimmings) and was 
considerably higher compared to Trial G3 (control). The DSDR, OUR and thermal 
efficiency, resulting in rapid waste dehydration, were all greater for Trial B4 compared 
to Trial G3. The increased DSDR and OUR observed during Trial B4 may be attributed 
to the enhanced particle size reduction of the food and paper waste due to the physical 
action of the hard shredded woody trimmings in the feedstock during agitation. This 
would be consistent with the decrease in FAS and increase in BD observed during 
processing in Trial B4. This explanation is further supported as other trials with 
efficient dehydration were characterized by a lower BD and higher FAS (for example: 
Trial G3, Trial A4; see Table 8.2 and Table 8.5). The presence of woody shredded 
trimmings would also increase the FAS of the feedstock (Table 8.5) improving 
aeration. The higher thermal efficiency of Trial B4 compared to Trial G3 can be 
explained by the faster dehydration and smaller retention time of the waste minimizing 
the effects of conductive and radiant heat losses from the surface of the rotary drum 
reactor on the thermal balance of the process (see Chapter 6.4). 
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CHAPTER 9 
INDUSTRIAL DEMONSTRATION OF ROTARY BIODRYING 
9.1 Introduction 
The results of the pilot scale experimental program were tested in an industrial 
demonstration of the biodrying process at VCW. A redundant 40 m long cement kiln 
with 3 m diameter was converted to a biodrier for this purpose. The industrial rotary 
biodrying process was optimized through a series of biodrying experiments conducted 
within a period of 4 months and combustion trials of the fuel in the cement kilns 
followed. This chapter summarizes the methodology and results of the industrial scale 
deomonstration. However, detailed description of the process parameters and results 
are not reported due to commercial confidentiality. 
9.2 Materials and Methods 
A redundant 40 m long cement kiln with 3 m diameter was converted to a bioreactor 
through a series of modifications. The feeding system comprised a hopper, a drag 
chain, 3 screw conveyors and an inclined belt conveyor (Figure 9.1). Internal fins were 
attached to the interior surface of the drum to facilitate agitation and drying (Figure 
9.2). Feeding and material extraction systems were also installed. 
Figure 9.1. Feeding system for MSW: (a) drag chain, 
(b) screw conveyor (SC1) fed by drag chain, (c) belt 
conveyor fed by SC1, (d) screw conveyor (SC2) fed by 
belt conveyor, (e) screw conveyor (SC3) feeding material 
to the front end of the rotary drum reactor 
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The treated material was extracted from the drum by a sector gate (Figure 9.2) and a 
long screw conveyor constructed specifically for this application. Two fans were also 
installed for aeration, and a biofilter with a porous media was installed to control 
potential odour emissions. Air entered the drum at the product discharge end of the 
drum, using a 4 kW fan, and was extracted from the waste input end by a larger 
exhauster fan with a capacity of 6 kW. The exhaust gasses passed were through a 
biofilter for VOC destruction and NH3 removal. 
The two fans and the rotation of the rotary drum were connected to frequency 
controllers to enable airflow and drum rotation speed variation. Airflow entering the 
drum and drum rotation were automatically controlled by a PLC. 
The temperature of the air entering the drum and of the exhaust gasses was 
continuously monitored by thermocouples and recorded on the PLC every 1 h. In 
addition, temperature recordings were taken from different locations inside the rotary 
drum using a portable pyrometer (Infrared tec Microray, UTECO 2003). The 02 and 
CO2 content in the exhaust gasses and inside the material were also measured 
periodically with a portable gas analyzer (Geotechnics 2000; Geotech, UK) to 
determine the aerobic status of the process for decomposition. 
183 
Figure 9.2. (a) Rotary drum reactor outside view, (b) Inclined 
conveyor belt, (c) Rotary drum internal view, (d) Sector gate, (e) 
Biofilter 
Municipal solid waste from a nearby landfill was collected and sorted manually on a 
conveyor belt. Bulky materials were removed by handpicking and disposed to landfill 
and recyclable fractions were recovered and transported to recycling plants in Cyprus. 
The remaining residual fraction was processed through a shredder to reduce the particle 
size to <80 mm and was transported to VCW to the biodrying plant by flat bed lorry. 
The shredded output was weighted on a weighbridge and transferred to the hopper by 
front end loader. The material was fed from the hopper to the rotary drum by the 
conveying system. 
Waste samples were taken prior to feeding and at the discharge end of the drum. In 
addition, a number of samples were taken from different locations inside the rotary 
drum. The BD, FAS, pH and moisture content of all the samples were determined with 
the methods reported in Chapter 4. Calorific value, VS and ash content of the output 
material were also determined (Chapter 4). 
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The retention time within the rotary drum reactor was controlled by the rotation speed 
and duration of drum rotation. The rotation speed and duration of drum rotation were 
adjusted to achieve a retention time equivalent to 3 d. The material flow inside the 
rotary drum was monitored using colored plastic tracer. In addition, the degree of filling 
within the drum was controlled by the waste feeding and product extraction rate. 
The industrial scale process was optimized through a series of experiments conducted 
within a period of 4 months, commencing on 12 February 2008. The maximum feeding 
rate tested was approximately 20 t d-1. However, the theoretical drum loading capacity 
was 30-40 t d-1, but this could not be achieved due to constraints imposed by the 
manual sorting of the MSW. 
The final product from the biodrying process was passed through a 20 mm vibrating 
sieve and the under size fraction that was more than 80 % of the final product was 
recovered for combustion in the cement kiln. During the first combustion trial, SRF was 
fed to the burner of the cement kiln with a daily production of clinker equivalent to 
2,400 t. The feeding rate was approximately 2 t 111. In the second combustion trial the 
fuel was fed to the precalciner (lepol) of the same cement kiln with a feeding rate 
equivalent to 3 t If'. 
9.3 Results 
The screw conveyors designed to feed the waste into the drum and to discharge the 
biodried product were susceptible to severe blockage and this was controlled by 
adjusting the moisture content and feeding rate of the input material. The moisture 
content of the input waste was within the range 40-47 %. Under optimum conditions 
the moisture content of the biodried product discharged from the rear end was reduced 
to 12-15 % within a retention time of 3 d. Representative values for the moisture 
content, NCV, VS and ash contents of the SRF produced from the industrial scale 
experiment are presented in Table 9.1. The biogenic content of the fuel determined by 
an accredited external laboratory in the USA was 95-97 % on an ash free basis. 
The efficiency of the biodrying process improved with increasing degree of filling of 
the drum and optimum results were obtained with the maximum degree of filling tested 
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equivalent to approximately 40 % of the inernal volume of the drum. The particle size 
of the output product also declined with increasing degree of filling of the drum. 
Table 9.1. Calorific value, volatile solids, ash and moisture content 
of SRF generated during the industrial demonstration 
Sample Net calorific value (kcal kg-I ) ar 
Volatile solids 
(% dry basis) 
Ash content 
(% dry basis) 
Moisture 
content (%) 
1 3670 87.1 11.7 12.2 
2 3250 87.9 12.0 13.5 
3 3155 85.6 13.7 14.3 
4 3100 86.6 12.8 12.4 
5 2950 87.2 12.1 11.8 
6 3200 87.0 12.3 12.3 
7 3560 86.7 12.2 9.6 
8 3309 84.7 14.7 15.2 
The SRF was stored in a covered shed area. Self heating and odour problems occurred 
in some instances when the moisture content of the material was >20 %. However, this 
did not occur when the biodrying process was optimized and the moisture content was 
reduced to <15 %. At this moisture status there were no detectable odours produced by 
the stored product. 
The combustion trials in the burner and precalciner of the kiln were successful and 
demonstrated considerable savings in the quantity of primary fuel fed to the kiln are 
possible by supplying SRF as a supplementary fuel in cement manufacture. The SRF 
was successfully transported by the pneumatic conveying system, interestingly, 
however, other trials cofiring RDF in the fuel supplied to the kilns blocked the 
pneumatic pipe network used to transport auxiliary fuels at VCW. In addition, 
combustion of the SRF in the kilns had no negative impacts on clinker quality. 
9.4 Discussion 
The industrial experimental programme demonstrated and confirmed the effectiveness 
of RBD for producing SRF for use in cement production. The efficiency of biodrying 
improved with increasing degree of filling of the drum. This can be attributed to 
improved thermal efficiency and increased microbial activity due to greater particle size 
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reduction. Increasing the degree of filling of the drum releases more metabolically 
generated heat within the rotary drum. Furthermore, conductive and radiant heat losses 
decline proportionally, since heat losses depend on parameters that do not change with 
increasing degree of filling [e.g the thermal gradient between the biodrying matrix and 
the ambient environment, the surface area of the drum and time of processing (Chapter 
3.5)] 
The maximum degree of filling tested was 40 % due to practical constraints with the 
manual sorting of MSW for the trial. Under these conditions, the moisture content was 
reduced from 47 % to <15% with a 3 d retention time. However, in a full scale 
biodrying plant the retention time could be reduced further due to the thermal 
efficiencies associated with increased filling the rotary drum, which would typically 
equivalent to 60-70 % of the total internal volume (Haug, 1993; Juniper, 2005). This 
would also increase the VS content and NCV, and reduce the ash content. 
The industrial demonstration also showed that the output of the RBD process can be 
safely stored undercover without causing odour problems. However, where storage is 
required the retention time should be adjusted to provide a moisture content <15 % to 
ensure that the material is biologically stable. The absence of self-heating in piles of 
material with average moisture content <15 % also showed that the SRF was a 
homogeneous material and did not have wet or anaerobic zones that would be 
susceptible to self heating or cause odour emissions. 
The combustion trials showed that SRF generated by RBD is effective as a consistent 





10.1 Comparison of RBD with existing biodrying technologies 
Evaluation of the potential of RBD in comparison with existing biodrying technologies 
was one of the aims of the present PhD thesis and several advantages of RBD compared 
to static biodrying systems were identified. However, the above aim was only partially 
fulfilled, since the operational cost of the industrial RBD process was not assessed. In 
addition, no information was found on the operational cost of existing static bay 
biodrying systems. 
The experiments described in this PhD thesis showed that the rotary biodrying process 
(RBD) is much more efficient than existing static bay biodrying technologies (e.g 
Herhof, Ecodeco, Nehlsen). During RBD an output with moisture content below 20 % 
was generated within 3 d, from feedstock containing approximately 40 % moisture. The 
equivalent level of dehydration in a static bay system is reported to require a processing 
time 7-15 d (Adani et al, 2002; Sugni et al, 2005; Juniper, 2005). A key advantage of 
the RBD approach is that agitation facilitates microbial activity at limiting moisture 
contents and therefore, accelerates dehydration (Figure 7.6). Other investigators also 
report that agitated composting systems are less susceptible to moisture limitations due 
to improved nutrient transport and dispersion of microorganisms (Miller, 1989). 
Another possible explanation is that drum rotation induces physical breakdown of 
organic matter, relocating water from inside larger particles to the surface of smaller 
particles, where the majority of microbial growth occurs (Haug, 1993). This action 
sustains microbial growth at moisture contents that would restrict organic matter 
decomposition in static systems. Relocation of moisture from inside larger waste 
particles to the surface of smaller particles also increases the total wet surfaces exposed 
to the air facilitating water evaporation (Walker et al., 1999). 
The biodrying trials also showed that agitation during the RBD, generated a 
homogeneous end-product with a consistent moisture content, which is suitable for 
storage in a dry environment (Chapter 9.3). In contrast, laboratory-scale biodrying 
188 
experiments with static systems (Adani et al, 2002; Sugni et al., 2005) identified 
moisture gradients within the waste matrix so the final product contained variable 
amounts of moisture. In practice, this can lead to serious storage problems since 
biological activity may continue in parts of the fuel where the moisture is high and 
adequate to sustain microbial growth. This increases the risk of self-heating and 
spontaneous ignition of the fuel (Hudak, 2001; Nelson et al., 2007). 
The biodrying experiments conducted during this research project were completed 
using catering waste collected from restaurants so the quantity of high calorific value, 
non- biodegradable material such as plastic in the feedstock was minimal. This 
provided a consistent feedstock for experimentation with composition similar to the 
average composition of BMSW in Cyprus. Therefore, the calorific value of the fuel 
produced in the pilot-scale rotary biodrying experiments described here (13.79-15.26 
MJ kg 1)was lower than that reported for SRFs from operational, static bay biodrying 
technologies (16.50-17-50 MJ kg -1). This is because SRF produced from mixed MSW 
would also contain non-biodegradable high calorific value material, such plastic with 
NCV equal to 32.5 MJ kg-1 (Williams, 1999). In some technologies such as Ecodeco a 
fraction less than 20 mm is removed from the SRF and disposed to landfill and this 
would contain a significant proportion of the biodegradable fraction of MSW. This 
biodegradable fraction is probably removed from SRF due to poor and heterogeneous 
drying that causes storage problems. This increases the content of plastic and non-
degradable combustible materials that can represent up to 50 % of the fuel mass 
(MRMC, 2005a; MRMC, 2005b; Juniper, 2005). Rejecting a part of the biodegradable 
material with the less than 20 mm fraction reduces landfill diversion performance and 
the biogenic content of the fuel, and therefore carbon credits that could be obtained 
from utilizing the fuel. The experimental program showed that with RBD the 
biodegradable fraction of MSW can be adequately biodried to be used directly as a fuel. 
The RBD could therefore, generate more fuel from a specified quantity of MSW and 
with higher biomass content compared to static bay technologies. Another option with 
RBD could be production of a higher calorific value fuel with high content of non 
biodegradable material and a fuel with higher biomass content but lower calorific value 
for different end users. 
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Another major advantage of RBD, compared to static bay systems, is that the particle 
size of the organic matter declines during processing, through a combination of 
physical agitation, dehydration, high temperature and microbial activity. As 
demonstrated during this research project, SRF produced by RBD can be passed 
through a vibrating sieve and fed directly into the burner of a cement kiln 
pneumatically, without the need for extensive mechanical post refinement (Chapter 
9.3). Size reduction during agitation within the drum also reduces the volume of the 
waste being processed and therefore increases the amount of feedstock that can be 
loaded into the RBD process. In contrast, it is important to maintain adequate FAS in a 
static system to sustain aerobic conditions and, therefore, bioreactors of considerably 
higher capacity are necessary to treat the same quantity of material (Miller, 1989; Haug, 
1993; Walker et al., 1999). 
10.3 Optimisation of process parameters for rotary biodrying 
A further aim of this PhD thesis was to determine the influence of 1. feedstock 
characteristis, 2. mixing, 3. biomass temperature and 4. airflow rate on the biodrying 
process and SRF quality. Although the effect of the first three parameters on biodrying 
rates and the quality of SRF was determined the effect of airflow on the biodrying 
process was not clearly defined due to the use of an on and off airflow control strategy. 
More detailed information on the effect of this parameter could be obtained if airflow 
was automatically controlled through a frequency inverter connected to the larger fan. 
10.2.1 Process control strategy 
The biodrying experiments showed that the retention time of the biodrying process 
depended on DSDR and the thermal efficiency. However, the conditions required for 
optimum DSDR may be different to those required for optimum biodrying and depend 
on the thermal efficiency of the process (Chapter 5.3). This represents a key difference 
between biodrying and composting, since the efficiency of the latter is largely 
dependent on DSDR. These results were consistent with the findings of Adani et al. 
(2003) who showed that the optimum temperature for biodrying and microbial activity 
were different. Accurate control of various process parameters affecting both DSDR 
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and the thermal balance, is therefore necessary to achieve rapid and optimal biodrying. 
Temperature, agitation, pH and moisture content of the feedstock, were the main 
determinants controlling the efficiency of the RBD process. Manual control strategies 
were unable to adequately control the complex and interdependent relationships 
between key process parameters such as temperature and agitation and were inefficient 
at biodrying (Figure 7.1a; Table 7.2). Automatic and accurate control of process 
parameters at optimum values was essential for rapid and efficient biordying of MSW. 
Adani et al. (2003) also noted that manual manipulation of airflow during biodrying of 
MSW in a static system also resulted in inaccurate temperature control. 
10.2.2 Agitation 
Agitation is one of the most important factors for RBD and affects the thermal balance 
and microbial activity, both directly and indirectly, by influencing other crucial factors 
such as temperature and pH. The biodrying experiments showed that DSDR and BDR 
generally increased with increasing agitation frequency (Table 7.2) and this can be 
attributed to enhanced particle size reduction. Reducing the particle size can raise 
microbial activity by increasing the surface area for microbial growth, nutrient 
transport, dispersion of microorganisms and aeration (Miller, 1989; Walker et al., 
1999). However, continuous agitation at a high rate (eg 1.0 rpm) impeded biodrying 
due to increased conductive and radiant heat losses, minimizing the thermal efficiency 
of the process (Figure 7.5). Continuous agitation of the waste at this drum rotation rate 
also impeded the biodrying process indirectly as the temperature declined to values 
below the optimum threshold for microbial activity (Figure 7.1). Nevertheless, frequent 
drum rotation is critical for effective temperature control. Infrequent agitation increased 
biomass temperatures above the optimum value for microbial activity and reduced the 
DSDR (Figure 7.1). In addition, infrequent agitation can lead to acidification due to the 
development of anaerobic pockets and production of fatty acids. Other investigators 
(Beck- Friss et al., 2003; Sunderg and Johnson, 2008) have also shown that the risk of 
process acidification increases in a poorly aerated composting systems. The BD of the 
fuel produced by RBD was also raised with increasing agitation frequency due to 
increased particle size reduction (Table 7.6). Higher BD and smaller particle size are 
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beneficial for storage, transport and conveying the fuel and also improve its combustion 
characteristics (Duda, 1985). 
10.2.3 Temperature 
Biomass temperature is another parameter that has a major influence on the biodrying 
process. The experimental work reported here showed that accelerated biodrying was 
achieved in mesophilic conditions (35-45 °C) and these results were consistent with the 
findings of other investigators (Adani et al., 2002; Sugni et al., 2005). Increasing the 
process temperature to the high thermophilic range reduced the overall thermal 
efficiency (Table 5.7) and DSDR (Table 5.5), and also the BDR (Table 5.2 and Table 
5.3). The improved thermal efficiency of the biodrying process achieved by controlling 
the temperature within the mesophilic range can be explained by the smaller thermal 
gradient between the biodrying matrix and the ambient environment compared to trials 
conducted at thermophilic temperatures. Klejment and Rosinski (2008) showed that 
conductive and radiant heat losses declined with increasing airflows in static bay 
composting systems and the proportion of heat utilized for water evaporation increased. 
Therefore, the improved thermal efficiency of RBD at mesophilic temperatures may be 
attributed to the greater airflows applied to maintain the temperature within this range. 
Thermophilic temperatures induced acidification and pH inhibition resulting in minimal 
DSDR and BDR. Indeed, if the biomass temperature increased to the thermophilic 
range (45 — 55 °C) during the initial stages of biodrying, when the pH of the feedstock 
is acidic, then process inhibition occurred (Figure 7.1 and Figure 7.6). These results 
were also consistent with the findings of other researchers (Day et al., 1998; Schloss 
and Walker, 2000; Beck-Friis et al. 2001; Weppen, 2001; Sundberg et al., 2004). 
However, controlling the temperature within the mesophilic range reduced the degree 
of acidification and minimized the acid inhibition of the process (Figure 5.4 and Figure 
5.6). Interestingly, acid inhibition did not develop when the temperature was accurately 
controlled below 45 °C and this was inconsistent with the study by Sundberg et al. 
(2004) that showed that controlling the temperature below 40 °C was necessary to avoid 
initial acid inhibition during composting of food waste. 
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10.2.4 pH value 
The pH of the waste was therefore identified as another critical factor in RBD, 
particularly during the initial stages of the process. The results indicated that process 
inhibition increased in severity as the pH value decreased below pH 6.0 and the effect 
of pH on biodrying declined above this threshold value, consistent with the findings of 
Sundberg et al. (2004). Indeed, in some cases, the complete inhibition of the biodying 
process for 1-4 d was observed thus significantly extending the processing time to 
achieve a product with the required moisture content (Table 5.2 and Figure 5.3). The 
experiments showed that the DSDR and BDR increased with increasing pH value when 
the temperature was controlled within the thermophilic range (Figure 5.8 and Figure 
5.9). However, the pH became less critical when the biomass temperature was 
controlled within the mesophilic range (Table 5.5 and Table 5.6). This can be explained 
by the higher tolerance of mesophilic microorganisms at acidic conditions and also 
reduced acidification resulting from applying higher airflows causing volatilization of 
VFAs. Preventing the initial acidification and acid inhibition of the process was critical 
for the rapid biodrying of the waste, and careful control of various parameters such as: 
product recycling, temperature, agitation, feedstock moisture content and airflow were 
necessary to achieve this. 
Recycling end-product into the process was effective at buffering the pH and 
maintaining maximum rates of microbial activity. Indeed, the BDR, DSDR and OUR 
were markedly reduced when recycled material was excluded from the process (eg 
Trial E4; see Table 8.2, Table 8.4 and Figure 8.6). These results were consistent with 
other reports that show the importance of a starting culture and product recycling on 
alleviating the initial pH inhibition during composting of food waste (Sundberg et al., 
2004). The benefit of recycling end-product into the process is largely attributable to 
the buffering capacity provided to the feedstock due to the release of NH3. The 
quantity of NH3 released from the initial breakdown of fresh biodegradable waste is 
insufficient to neutralize the acidity generated from the rapid production of fatty acids 
during the initial stages of the process. However, proteins are less easily degradable 
compared to carbohydrates and production of NH3 from protein decomposition 
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increases considerably after 4-5 d of processing during composting (Komilis, 2004; 
Sundberg et al., 2004). 
The initial moisture content of the feedstock also influences acidification and pH 
inhibition indirectly, since the FAS of the feedstock declines with increasing moisture 
content (Table 8.5). Although the relation between moisture content and acidification 
has not been reported in the literature, other investigators have stated that acidification 
and acid inhibition could be overcome by increasing the quantity of bulking agent to 
raise the FAS (Bergensen et al., 2008). For example, Beck Friss et al. (2003) found that 
FAS was an important parameter for avoiding acid production and that increasing FAS 
enhances the breakdown of volatile fatty acids (VFAs) responsible for acidification and 
also minimizes the production of VFAs. 
Controlling the initial pH of the feedstock by addition of alkaline substances, such as, 
sodium hydroxide partially reduced the extent of the acidification response and initial 
acid inhibition, and accelerated biodrying when the biomass temperature was controlled 
within the thermophilic range (Table 5.2, Table 5.3 and Figure 5.4). However, this 
method was less effective when the biomass temperature was controlled at a 
temperature equivalent to 60 °C (Table 5.2, Table 5.3 and Figure 5.4). These results 
were consistent with a report by Nakasaki et al. (1993) indicating that addition of 
alkaline agents for pH adjustment of the feedstock may not prevent acidification. 
Frequent agitation and temperature control within the mesophilic range are critical to 
reduce acidification and the influence of these parameters on pH was discussed earlier. 
However, where acidification and pH inhibition has already developed, the results also 
showed that cooling the material to ambient conditions using high airflow rates and 
continuous rotation can be applied to reestablish microbial activity (Figure 6.1). Other 
investigators have shown that pH inhibition can be prevented by high airflow rates and 
maintaining the temperature below 40 °C (Beck-Friis, 2003; Sundberg, 2004; Sundberg 
and Johnsnon 2008), however, techniques to reestablish microbial activity after acid 
inhibition has occurred have not been previously reported in the literature. 
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10.2.5 Moisture content 
Controlling the moisture content of the feedstock was a critical parameter for achieving 
rapid biodrying. The BDR was significantly slower when the moisture content of the 
feedstock increased above 45-48 % (Table 8.2 and Table 8.3) due to the reduced 
thermal efficiency. The thermal conductivity of compost increases linearly with 
moisture content (Haug, 1980; Mears, 1985; Haug, 1993; Klejment and Rosinski, 
2008), therefore, increasing the feedstock moisture content resulted in higher 
conductive heat losses and less thermally efficient biodrying process. In addition, in 
trials with feedstock of higher moisture content, less substrate was available for 
decomposition per kg of wet waste mass. Therefore, release of metabolically generated 
heat for drying declined even at higher DSDR and therefore BDR decreased (Table 8.2 
and Table 8.3). Another possible explanation for the lower BDR with increasing 
moisture content is that waste became more acidified for the reasons explained in the 
previous paragraphs. 
The moisture content of residual MSW can exceed 50 % in some coutnries and this 
could cause the biodrying rates to decline. This problem could be potentially overcome 
by mixing fresh material with recycled product at a suitable ratio. The use of 
conventional drying prior to biodrying or the use of hybrid systems with energy 
provided from both external (e.g combustion gasses) and internal (metabolically 
generated heat) sources could be another option. 
10.3 Heating and cooling cycles 
A novel heating and cooling cycle strategy was developed to maximize the rate of 
biodrying MSW to produce SRF using a rotary drum reactor. Adopting this variable 
temperature control approach significantly reduced the retention time compared to 
temperature control at constant values (Table 6.3). The use of heating and cooling 
cycles for biodrying has not been reported previously in the literature. The approach 
improved the thermal efficiency of the biodrying process and accelerated the DSDR 
compared to steady-state biomass temperature control, particularly when the moisture 
content of the waste became limiting to microbial activity (Figure 5.6 and Figure 6.6). 
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The relatively high DSDR obtained at potentially limiting moisture contents can be 
explained because the small volume of air entering the drum during a heating cycle 
becomes saturated with moisture, creating a condensing environment within the rotary 
drum reactor and rewetting the surface of waste particles where the majority of 
microbial activity occurs (Haug 1993). Therefore, high microbial activity can be 
sustained at low moisture contents since moisture is distributed at the sites where 
microorganisms are attached. The heat that is generated during the heating cycles 
(when microbial activity is less constrained by moisture deficiencies) is stored in the 
waste mass and is utilized during cooling cycles to evaporate water and reduce the 
moisture content of the treated waste. 
The improved thermal efficiency of the heating and cooling cycle strategy, compared to 
maintaining a constant, equivalent average biomass temperature, is explained by the 
lower conductive and radiant heat losses from the surface of the rotary drum reactor. 
This is because: 
1. Controlling the temperature within a specified range (e.g 35-45 °C) required less 
frequent agitation compared to temperature control at a constant value (e.g 40 
°C) and therefore heat loss was reduced by drum rotation. 
2. Radiant heat losses from the surface of the drum were reduced since the 
material within the rotary drum, and therefore the body of the drum, were 
cooled to lower temperatures (e.g 35 °C instead of 40 °C when temperature was 
controlled within the range 35 °C to 45 °C, see Chapter 6). This also improves 
the utilization of the heat that is stored within the waste and the body of the 
drum for drying. 
3. The DSDR is higher resulting in increased metabolically generated heat release 
and therefore, proportionally less conductive and radiant heat losses, which 
depend on the thermal gradient between the biodrying matrix and the ambient 
environment and the time within the thermal gradient is applied and are 
independent from the quantity of heat that is generated (Chapter 3.5) 
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4. 	Faster drying from the increased DSDR rapidly reduced the thermal 
conductivity of the material being processed thus decreased the length of the 
period when the thermal gradient is present (Chapter 3.5). 
10.4. Optimum Biodrying Regime 
Optimization of the biodrying process was also one of the major objectives of this PhD 
thesis and the conditions defined through the series of biodrying experiments achieved 
very efficient biodrying with retention time lower than 3 d, suggesting that this aim was 
fulfilled to a large extent. However, further optimization tests could reveal other even 
more efficient conditions. 
The optimum temperature regime (35-45 °C) for biodrying MSW in the rotary drum 
reactor was defined in the second set of experiments (Trial C2). Temperature control 
within the range 35-45 °C gave the highest DSDR (Table 6.5.), optimum thermal 
efficiency (Table 6.6) and the highest BDR. A similar BDR occurred with continuous 
drum rotation at 0.5 rpm (Trial H3) and with 10 min agitation sequences followed by 1 
h static periods (Trial G3). However, the thermal efficiency of Trial G3 was higher 
compared to Trial H3 (Table 7.5) and the final product had a larger calorific value 
(Table 7.6). Therefore, the agitation regime applied in Trial G3 was selected as the 
optimum for biodrying. Nevertheless, the DSDR and OUR were considerably higher in 
Trial H3 compared to Trial G3 (Table 7.3) suggesting that, in a well insulated rotary 
drum reactor, continuous agitation would represent the optimum regime for RBD. 
The optimum temperature and agitation regime was applied in the final set of trials to 
test the effects of feedstock composition on the BDR process., The fastest overall rate 
of biodrying was measured in Trial B4 when the moisture content declined from 40.5 % 
to 16.7 % in 63 h with a feedstock containing: 50 % food waste, 20 % paper, 20 % 
woody shredded trimmings, 10 % recycled product (w/w fresh weight). The addition of 
hard shredded woody trimmings apparently enhanced the physical breakdown of food 
and paper waste during drum rotation, whilst maintaining the FAS, and therefore 
increased the DSDR and accelerated the biodrying process. Increasing the rate of 
biodrying by addition of shredded trimmings also raised the thermal efficiency of the 
process compared to other trials performed with the same temperature control strategy 
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and agitation regime (Table 8.6). Separate collection of green waste (including woody 
trimmings) is widely practiced in European countries for composting to produce a soil 
conditioner material (EEA, 2002). However, the results presented here demonstrate a 
viable alternative route for greenwaste management compared to landfill disposal or 
composting is to collect this with the residual waste stream or use material from 
separate collection schemes to optimise the rotary biodrying process to produce SRF 
for industrial use, such as cement manufacture. 
Optimization of the biodrying process was also one of the major objectives of this PhD 
thesis and the conditions defined through the series of biodrying experiments achieved 
very efficient biodrying with retention time lower than 3 d, suggesting that this aim was 
fulfilled to a large extent. However, further optimization tests could reveal other even 
more efficient conditions. 
10.5 Fuel characteristics 
The relationship between net calorific value and moisture content of the end products 
from all the biodrying experiments was tested by linear regression analysis and a strong 
relationship was observed between the two parameters (Figure 10.1). The value of the 
slope of the regression equation suggested that calorific value declined with increasing 
moisture content. Linear regression analysis also revealed a statistically significant 
relationship between gross calorific value (calorific value of oven dried product at 105 
°C for 24 h) and VS content of the outputs of the 24 biodrying trials (Figure 10.2). In 
this case the value of the coefficient of variable VS was positive indicating that 
calorific value increased with increasing VS content. Similarly a statistically significant 
relationship was detected between the VS content of the biodried outputs and DS 
destruction during the 24 biodrying experiments (Figure 10.3). In this instance the slope 
of the regression equation was negative supporting that VS content of the fuel output 






































Figure 10.1. Relationship between net calorific value (NCV) and 
moisture content (MC): NCV = -0.209 MC+ 17.981, r2 = 0.94, 
P< 0.01 
Figure 10.2. Relationship between gross calorific value (GCV) 
and volatile solids (VS): GCV = 0.241 VS- 4.971, r2 = 0.34, 
P = 0.04 
As expected the calorific value of the end product from the different trials depended on 
the VS and moisture content of the biodried output and this is consistent with previous 
studies on fuel production through biodrying processes (Adani et a/., 2002). The VS 
content of the final product declined with increasing dry solids decomposition and 
therefore, a fuel with higher VS content and calorific value can be obtained if the 
biodrying process is more thermally efficient resulting in lower DS destruction for 












Figure 10.3. Relationship between volatile solids (VS) and % dry 
solids decomposition (DSD): VS = -310 DSD + 90.391, r2 --




11.1 Evaluation of RBD 
• Rotary biodrying (RBD) is more efficient and offers an effective alternative 
process to existing static bay technologies for producing SRF as an auxiliary 
fuel for cement industry and power generation. 
• The process retention time of RBD is 2-3 times shorter compared to 
conventional static bay biodrying technologies currently available to the waste 
management industry and this a significant advantage, since the footprint of an 
MBT plant producing SRF through RBD would be greatly reduced compared to 
existing MBT facilities using the static bay approach. 
• In contrast to existing static bay biodrying technologies, where a significant part 
of the biogenic content is discarded from the biodried output, probably due to 
inefficient drying and heterogeneous moisture content, RBD produces a 
homogeneous biodried output that can be stored in a shed area without causing 
odour problems or self heating. Therefore, almost all the biogenic content of 
MSW can be recovered as a fuel, increasing landfill diversion performance and 
net CO2 reduction. 
11.2 Factors affecting RBD 
• Careful control of the agitation frequency, biomass temperature, pH and initial 
moisture content is essential for efficient biodrying. This is only possible 
following an automated control procedure using a PLC to maintain the process 
parameters close to their optimum values. Manual control strategies are unable 
to accurately control important process parameters such as temperature and are 
therefore far less efficient than automatically controlled process. 
• The required retention time during biodrying depended on the DSDR and 
thermal efficiency of the process. Dehydration rates increased with improved 
thermal efficiency and increased DSDR. Improved thermal efficiency also 
resulted in a product with lower moisture content and higher VS. 
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11.2.1 Agitation 
• Agitation is crucial for successful biodrying, and affects the process directly, 
enhancing DSDR by particles size reduction, dispersion of microorganisms and 
nutrients and indirectly, by affecting temperature and pH. 
• Frequent agitation is essential for accurate temperature and pH control, since 
infrequent agitation may result in temperature increase above the optimum 
value, and also induce VFAs production due to poor aeration, resulting in 
acidification and process inhibition. 
• Continuous drum rotation at high speed may impede the biodrying process due 
to increased radiant and conductive heat losses minimizing thermal efficiency. 
• Continuous drum rotation can also constrain the biodrying process indirectly 
causing temperature decline to values lower than the optimum for microbial 
activity. 
11.2.2 Temperature and pH 
• The biodrying rate is higher with temperature control within the mesophilic 
range mainly due to improved thermal efficiency. 
• A combination of high temperature and low pH can inhibit microbial activity 
during the initial stages of biodrying resulting in considerably larger processing 
times and this is due to the higher sensitivity of thermophilic microorganisms to 
acidic conditions. 
• Product recycling, mesophilic temperature control and frequent agitation are the 
more effective means to overcome the initial pH inhibition. 
11.2.3 Initial moisture content and particle size 
• Although microbial activity increases with increasing moisture content when 
other factors (e.g FAS, oxygen transfer, temperature) are not limiting to 
microbial activity, the efficiency of the biodrying process declines considerably 
with increasing feedstock moisture content, due to increased heat losses, 
resulting from higher thermal conductivity of the material. 
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• Particle size is another important parameter for accelerating DSDR and BDR 
during RBD and the presence of shredded woody trimmings in the feedstock 
improved particle size reduction resulting in higher BDR compared to the other 
experimental trials. 
11.3 Optimum conditions for RBD 
• The heating and cooling cycle strategy enhances DSDR at limiting moisture 
contents and the thermal efficiency of RBD resulting in higher BDR compared 
to biodrying with constant biomass temperature. The optimum temperature 
range for this strategy is 35-45 °C 
• Short 10 min agitation sequences followed by 1 h static period is the optimum 
agitation regime in the pilot scale experiments, whereas the fastest dehydration 
occurred with the following feedstock composition: 50 % food waste, 20 % 





Within the framework of this PhD project the effect of various parameters on RBD was 
investigated using a batch process. Future research could focus on biodrying with semi-
continuous or continuous material feeding, simulating the industrial scale process. A 
batch process cannot be applied in industrial scale rotary drum reactors, since the length 
of the drums is 40- 60 m and therefore, moisture gradients would develop from the 
front to the rear of the drum. The implications of this for product homogeniety and 
moisture content require further investigation. 
Future work should also focus on mathematical modeling of microbial activity during 
RBD and simulation of process thermodynamics. Various models have been proposed 
of composting processes, however, there is no simulation method available in the 
literature for biodrying. More research could be also pursued relevant to existing drying 
theory. This could include determining the effect of bound and unbound moisture on 
the process, development of desorption isotherms for MSW, etc. 
The experiments during this PhD thesis were conducted with waste manually sorted 
before RBD. However, at operational scale, biodrying stage is usually performed before 
mechanical sorting. Future work should include RBD experiments with unsegregated 
residual MSW after shredding to 100-200 mm. Methods of post refinement of the SRF 
and recovering of dry recyclables from the biodried output could be also examined. 
The experimental programme showed that RBD more efficient method of biodrying 
MSW to produce SRF compared to static bay systems, particularly at limiting moisture 
contents. Biodrying is relatively rapid when moisture content of the waste is above 25-
30 %, but the biodrying rate declines considerably when moisture decreases below this 
level in static systems. A two stage process with preliminary biodrying in a static 
system, followed by final drying in a rotary drum reactor could be investigated as an 
optimal configuration. In this system, waste heat from the first biodrying stage could be 
recovered to preheat the air entering the rotary drum reactor through an air to air heat 
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exchanger. The use of preheated air may further reduce the moisture content and 
increase the calorific value and volatile solids content of the biodried SRF. 
The use of woody shredded trimmings in the biodrying process enhanced microbial 
activity and increased the BDR due to increased particle size reduction. However, the 
availability of woody trimmings cannot be assured. Therefore, the use of artificial 
bulking agents that could be recovered and recycled to the process (such as hard plastic 
fragment) could be investigated as a means of increasing the process efficiency. 
A more detailed analysis of some process parameters and characteristics of the final 
product could also reveal further information and could be performed in the future. 
Temperature recordings were taken every 1-2 h during the present PhD thesis, since 
data logging frequency was subject to limitations relevant to the storage capacity of the 
PLC. Continuous temperature recordings with a more advanced PLC could reveal more 
information relevant to the temperature rise profile during a heating cycle and 
microbiology of the process. The BD of the feedstock and final product were 
determined on wet samples. Further research could also consider examining BD's on a 
dry basis to determine what proportion of change is related to packing, since packing 
increases with increasing moisture content (given the larger weight of wet particles). 
FAS measurements could be also performed on dry samples and compared with wet 
samples, since the method used for FAS determination might be subject to re-adsorbed 
water, especially if samples are obtained from the final product. Process monitoring 
could also include continuous monitoring of the RH of the input and output air and 
determination of particle size distribution of various samples collected at different 
processing times. Valuable information could be obtained from these parameters, which 
were not monitored during this PhD thesis. Various parameters (e.g CVs, FAS, BD) 
were determined on multiple samples but the variance of the different measurements 
was not calculated during this PhD thesis. Assessment of variance could provide a 
better interpretation of the significance of differences observed between values of 
various parameters (e.g BD) and a better assessment of the effect of different factors on 
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